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1D   One dimensional 
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AcCl Acetyl chloride 
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CoMoCat Cobalt molybdenum catalized 
d   Doublet 
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DFT Density functional theory 
DIPA di-i-propyl amine 
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EI Electronic impact 
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Et Ethyl 
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exTTF 9,10-Bis(1,3-ditiol-2-iliden)-9,10-dihidroantraceno 
FET Field effect transistor 
GQDs Graphene quantum dots 
h Hours 
HBC Hexa-peri-hexabenzocoronene 
HCl Hydrochloric acid 
HiPco High pressure carbon monoxide 
HOMO Highest occupied molecular orbital 
Hz Hertz 
i-Pr iso-propyl 
 
 
[Digitare qui] 
 
 
8 
J Coupling constant 
K Kelvin 
LTMP Lithium tetramethylpiperidine 
LUMO Lowest unoccupoed molecular orbital 
m Multiplet 
MALDI Matrix assisted laser desorption ionization 
Me Methyl 
MeCN Acetonitrile 
MeOH Methanol 
mmol Milimolar 
MS Mass spectrometry 
MWCNTs Multi walled carbon nanotubes 
nm Nanometer 
NMP 1-methyl-2-pirrolidone 
NMR Nuclear magnetic resonance 
NIR Near infrared 
NIS N-iodosuccinimide 
ODCB o-dichlorobenzene 
OFET Organic field effect transistor 
OLED Organic light emitting diode 
OPV Organic photovoltaic 
PAH Polycyclic aromatic hydrocarbon 
Ph Phenyl 
PL Photoluminecence 
ppm Parts per million 
PTSA p-toluenesulphonic acid 
PTSCl  p-toluenesulphonyl chloride 
r.t. Room temperature 
s Singlet 
SDS Sodium dodecyl sulfate 
SDBS Sodium dodecylbenzenesulfate 
STM Scanning tunneling microscopy 
SWCNT Single walled carbon nanotubes 
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T Temperature 
t   Triplet 
TBME Methyl tert-butyl ether 
TEM Transmission electron microscopy 
TFA Trifluoroacetic acid 
THF Tetrahydrofurane 
TIBS tri-iso-butylsilyl 
TIPS tri-iso-propylsilyl 
TLC Thin layer chromatography 
TMS Trimethylsilyl 
TPS Triphenylsilyl 
UHV Ultra-high vacuum 
UV Ultraviolet 
V Volts 
Vis Visible 
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1. INTRODUCTION TO CARBON MATERIALS: 
Carbon is the element of the periodic table that provides the basis of life on Earth. It is 
most commonly found as graphite, which consists of stacked sheets of carbon with 
hexagonal structure. Under high pressure, diamond is formed, which is a metastable form 
of carbon at normal conditions. Diamond and graphite were the only two forms of carbon 
known until 1985, when fullerene C60 was detected for the first time.
[1] (Fig. 1) This 
discovery marked the beginning of a new class of carbon allotropes. In 1991 carbon 
nanotubes burst onto the scene,[2] followed by graphene in 2004.[3] 
 
 
 
 
 
 
 
 
 
Even if graphene is the youngest carbon material discovered, we can consider that all the 
other allotropes evolve from it. As it is possible to see from figure 2 graphene is a 2D 
dimensional material; its area, is considered as infinite and it is composed by a single 
layer of carbon atoms, packed in a hexagonal honey-comb like structure. When graphene 
is rolled up on itself on a vector (n,m) to form a cylinder, carbon nanotubes are formed 
(violet). Carbon nanotubes are 1D materials and depending on how many graphene sheets 
are rolled up it is possible to have multi walled carbon nanotubes or single walled 
carbonanotubes. Also, depending on the used vector it is possible to have different 
properties in the final material.  
 
 
Fig. 1: Chronological discovery of carbon derivatives 
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Fig. 2: Nanoforms of fullerene from graphene sheet. [4,5] 
 
Graphene nanoribbons (blue) are considered quasi 1D material, and their properties 
depend on the structural conformation in terms of edges and size. When carbon atoms are 
packed in a spherical shape, the fullerenes are formed (green). The most common 
fullerene is C60, in which carbon atoms are connected in hexagonal and pentagonal 
structures. (Fig 3) Similarly, polycyclic aromatic hydrocarbons (PAHs) evolve from 
graphene. These are molecules composed by benzene rings fused together to form linear 
and non-linear compounds, with different shapes and lengths.  
Furthermore, others structures are possible such as: endohedral fullerene (fullerene with 
atoms or clusters enclosed within their inner sphere), nanohorns, nano-onion and carbon 
peapods[6] (hybrid nanomaterial consisting of spheroidal fullerenes encapsulated within a 
CNT) (Fig. 3) 
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An important characteristic of graphene, carbon nanotubes and graphene nanoribbons is 
that they are not discrete molecular entities with a fixed number of carbon atoms. This 
gives to these materials their incredible and extraordinary properties but also brings up 
several problems, in particular related to their broad polidispersity and lack of solubility 
(problems in dispersibility). 
This thesis will focus on polycyclic aromatic hydrocarbons and their relationship with 
carbon nanotubes and graphene nanoribbons.  
In the related chapters structure and properties will be further explained. In the case of 
carbon nanotubes the work will be focused on the synthesis of surfactants, based on 
polycyclic aromatic hydrocarbons, to disperse the carbon nanotubes. Meanwhile, in the 
case of graphene nanoribbons the work will be focused on the synthesis of precursors for 
the formation of the ribbons.   
PHAs will be used as surfactant for single walled carbon nanotubes (SWCNTs) and in 
chapter 3 and 4 the synthesis and the application to SWCNTs sorting will be respectively 
described, while in chapter 5 PHAs will be synthesized and used as precursors for GNRs. 
Fig. 3: Nanoforms of fullerene 
Fullerene C60 Endohedral Fullerene Carbon Peapod 
Nanohorns MWCNT               SWCNT 
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2.1. HISTORY OF CARBON NANOTUBES: 
The discovery of CNTs is attributed to the Japanese Sumio Iijima[2] (Fig. 4), who 
published in 1991 the first method for multi walled carbon nanotube growth without any 
catalyst.  
 
 
 
 
 
Later, in 1993, he also published the work related to the discovery of the single walled 
CNTs, (SWCNTs) simultaneously with another independent publication.[7,8] These 
discoveries attracted the interest of the scientific community, since CNTs are one of the 
most promising materials for a huge number of nanoscience applications.[9,10]  
 
2.2. CLASSIFICATION AND PROPERTIES OF CNTS: 
CNTs can be classified as single walled carbon nanotubes (SWCNTs) and multi walled 
carbon nanotubes (MWCNTs), depending on the number of graphene sheets that make 
the CNTs structure. SWCNTs are constituted by one graphene sheet rolled up, while 
MWCNTs are constituted by several layers of graphene sheet rolled up one inside the 
other making concentric tubes. (Fig. 5) 
 
 
 
 
 
Fig. 5: On the left a representation of SWCNTs is reported, on the right a representation of 
MWCNTs.   
Fig. 4: Sumio Iijima, discoverer of the CNTs. 
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The properties of SWCNTs depend on the chirality diameter and length that vary with the 
production method. 
The chirality of a SWCNT is easy to understand by thinking on a graphene sheet rolled 
up on itself on a vector (n,m) to form a cylinder. (Fig. 6) The indexes (n,m) determine the 
diameter and the chirality of the nanotube. Nanotubes in which n = m are armchair with 
metallic behavior, while all the other tubes are semiconducting.[11] These tubes are zigzag 
when m = 0 and the chiral when n > m > 0 (except for tubes with n - m divisible by 3, 
these tubes are quasimetallic).[11]  
 
 
 
 
 
 
 
Some examples of the characteristics that attract interest for the SWCNTs are: 
• High thermal conductivity.[12] 
• Electrical conductivity.[13] Approximately 2/3 of the SWCNTs are semiconductor, 
1/3 are metallic. 
• Flexibility and resilience.[14] SWCNTs can be elongated, rotated and bent 
perpendicular to its axis, and after stress application they are able to return to the 
original shape. 
• Strength. They are extremely hard and resistant to forces applied along its axis 
than the best carbon fibers employed in industry hitherto. 
The properties of SWCNTs make them interesting for a large number of applications, 
such as photovoltaic devices,[15] light emitting diodes,[16] field effect transistors,[17] 
biochemical sensors,[18,19] electronic memory devices,[20] and additives for advanced 
materials.[21] 
 
 
Fig. 6: a) formation of SWCNTs. By following the rolling directions of the vectors it is 
possible to have: b) armchair SWCNTs on (8,8) c) zigzag SWCNTs on vector (8,0) d) chiral 
SWCNTs on vector (10,-2). 
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However, the implementation of SWCNTs in these applications is quite challenging, in 
terms of:  
• Purity. Preparation of the nanotubes and the purification from the residual metal 
catalyst, carbon nanoparticles and amorphous carbon. 
• Polydispersity. Separation according to the diameter and chirality (separation of 
metallic tubes from semiconducting).[22–24] 
• Processability. Dispersability in organic solvents.  
 
2.3. FUNCTIONALIZATION OF CNTS: 
Processability problems and low solubility in organic solvents have hindered the 
implementation of SWCNTs in their applications. Sonication help in the dispersion of 
SWCNTs in water and organic solvents but, when sonication is stopped precipitation 
occurred. Functionalization of SWCNTs with different classes of compounds[25] allows 
better processability and low precipitation time and it can be achieved in two different 
ways: either from a covalent approach, or from non-covalent approach. These two 
functionalizations of SWCNTs show different characteristics:  
 
I) Covalent approach: functional groups are inserted in the CNT structure, or in 
their defects (naturally present from the preparation). This approach breaks 
the conjugation of the material which decreases considerably the properties of 
the tubes due to the changes of hybridization of the C atoms from sp2 to sp3. 
 
II) Non-covalent approach (Supramolecular): is obtained by the interaction of 
molecules, or polymers, through π-π stacking interactions. Molecules or 
polymers interact with the nanotubes with non-covalent forces, breaking the 
bundles favoring the dispersion of the tubes. By this approach, the SWCNTs’ 
structure is not affected (or negligibly affected),[26] preserving the properties 
of the material. For this reason, the part of this thesis regarding the 
manipulation of the CNTs is focused only in the supramolecular interaction.     
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A large number of works and reviews have been done in this field,[25,27,28] and this indicate 
the importance and the efficacy of functionalization in SWCNTs processability and also 
that this field is rapidly expanding. Herein some examples of covalent and non-covalent 
functionalizations will be described. Covalent functionalizations will be rapidly explained 
while non-covalent functionalization will be focused on pyrene derivatives.    
2.3.1. Examples of covalent manipulation: 
Covalent functionalization is focused on the direct introduction of functional groups on 
the walls of SWCNTs. By this approach the solubility can be increased, but at the same 
time it also decreases the electronic properties. These include different types of reactions 
such as: cyclocondensations, radical addition and electrophilic addition. Normally the 
reactions used for the modification of SWCNTs come from fullerene C60 chemistry. Some 
examples are: Bingel’s reaction: this strategy is focused on nucleophilic cyclopropanation 
[2+1], where the C=C bond of the SWCNTs wall reacts with a bromomalonate forming 
a cyclopropane outside the wall.[29] As the Bingel reaction, the Prato’s reaction is also a 
strategy that was used before in fullerenes chemistry. Prato’s reaction[30] consists of an 
addition of azomethine ylide by a cyclocondensation with an α-aminoacid and an 
aldehyde. The Diels-Alder’s reaction is another type of cyclocondensation used to modify 
SWCNTs. The principal limitation of this reaction is that the dienophile has to be 
electronically activated, and in this case the dienophile is the SWCNT so, before the 
reaction it is necessary to “prepare” the SWCNTs by insertion of activating groups, such 
as fluorine.[31] Later on, it was discovered that the Diels-Alder reaction could be also 
performed with natural tubes by transition metals catalysts and high pressure.[32]  
 
2.3.2. Examples of supramolecular manipulation: 
Supramolecular functionalization is based on the interaction of surfactants with the 
SWCNT’s wall. In order to work with SWCNTs it is necessary to disaggregate the 
bundles by preparing dispersions in solvents. Pioneering studies showed that electrostatic 
interactions with ionic surfactants[33] could form stable dispersions of individualized 
SWCNTs. This process is normally used as a reference. However, a lot of studies are 
focused on organic solvents.[34] In order to disperse the tubes in organic solvents, 
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normally, small aromatic compounds or aromatic polymers are solved in the selected 
solvent and interacting with the bundles to individualize the tubes.  
 
2.3.3. Electrostatic dispersion: 
The surfactants are generally constituted  by a hydrophilic and a hydrophobic part.[33]  
The most common surfactants used are the SDS (Sodium dodecyl sulfate) 1 and SDBS 
(Sodium dodecylbenzenesulfonate) 2. (Fig. 7) 
 
 
 
SDS dispersions of SWCNTs show that the hydrophobic part interacts with the SWCNTs’ 
walls while the ionic part favors the dispersion interacting with water.[35] The 
experimental data also show that the surfactants could form different types of 
conformations: encapsulation in cylindrical micelles[35], adsorption of hemispherical 
micelles[36] and random absorption[37]. The ability of SDS surfactant to disaggregate the 
SWCNT bundles and individualize the tubes is normally used to prepare reference 
dispersions for academic studies. However, ionic surfactants act as insulators, so it is not 
possible to use them for the manipulation of SWCNTs in electronic applications[38].  
 
2.3.4. Dispersion by using aromatic surfctants: 
This strategy is focused on using aromatic molecules and polymers. In such aromatic 
derivatives the π-cloud interacts with the π-conjugation of the SWCNTs as an anchor, 
while the external functionalization favors the dispersion of the system in water or organic 
media[39]. Between these, pyrene is probably one of the most widely used PAHs.  Pyrene 
shows good features as aromatic anchor, ensuring the interaction with the SWCNTs’ 
sidewalls. Using these features various examples of derivatives with pyrene as aromatic 
anchor and different types of solvophilic moieties are reported in literature. Here 
Fig. 7: 1 SDS and 2 SDBS 
1                                                            2 
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examples of aromatic surfactants, mainly focused in pyrene, and some related to others 
aromatic molecules will be described.      
One example of supramolecular interaction with pyrene derivatives with SWCNTs is the 
case of pyrene derivatives 3 and 4. (Fig 8)  These surfactants show pyrene as aromatic 
anchor for the interaction with the SWCNTs and dendrimers as solvophilic moieties.[40] 
Dispersions made by molecules 3 and 4 were investigated by absorption spectroscopy 
and the preferential dispersion of larger tubes was obtained. 
 
 
   
 
 
 
 
 
 
Another popular example of pyrene surfactant is 1-(trimethylammonium acetyl) pyrene 
bromide 5. (Fig 9) 
    
  
 
 
 Fig. 9: 1-(trimethylammonium acetyl) pyrene bromide. Versatile pyrene scaffold for the 
preparation of different SWCNTs surfactants. 
5 
3 
4 
Fig. 8: Surfactants 3 and 4 based on pyrene and dendrimers. 
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The advantage of derivative 5 is the possibility to change the anion with other negatively 
charged molecules likes porphyrin, polythiophene and DNA. Figure 10 shows two 
examples of this type of complexes, in which the chromophore/nanotube hybrid shows 
the photophysical properties for the production of electrochemical cells[41,42].    
 
 
 
 
 
 
 
 
 
 
Compound 6 complex with SWCNTs creates long-lived radical ion pairs through intra-
ensemble electron transfer from the photoexcited porphyrin to the SWCNTs that opens 
the way to novel chemical and light driven systems. Compound 7 complex with SWCNTs 
shows promising results in the solar energy conversion with monochromatic power-
conversion efficiencies of up to 10.7 % 
 
A similar work was reported by Sandanayaka et al,[43] where they described a complex 
with pyrene derivative 5 in which bromine was substituted by tetrasulfonatophenyl 
porphyrins sodium salt. (Fig 11) Photoinduced charge separation from the singlet excited 
porphyrin to the SWNT entity was probed by steady-state and time-resolved emission 
studies, which revealed efficient quenching of the porphyrin entity in these nanohybrids. 
 
Fig. 10: Examples of surfactants made with compound 5. 6 is made with a porphyrin 
derivative, 7 is made with Polythiophenes (PTs). [41,42]  
6 
7 
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It was also possible to disperse SWCNTs by using perylenediimide derivatives like 
compound 9. In this example the large planar aromatic structure interacts with the 
SWCNTs’ wall, and this complex was studied by electrochemical, photophysic, and 
optical experiments to prove the interaction. By these studies the benefit of tightly 
interacting π-systems in the successful debundling and suspension of individualized SWNTs 
have been demonstrated and also the presence of a charge transfer.[44] (Fig 12) 
 
 
 
   
 
 
One other example is dibenzo pentazacene 10 [45] in which pyrene interacts with the 
SWCNT’s wall but with an increased π-contact than pyrene. (Fig. 13) Dispersion of 
compound 10 with SWCNTs in organic solvents was characterized by different 
electrochemical, photophysic, and optical studies that proved the presence of SWCNTs 
in solution without interfering with their electronic properties and also photophysical 
experiments centered on 10 and on SWCNTs suggest that solely π-π interactions were 
taking place. 
Fig. 12: increased scaffold for SWCNTs dispersion.[44] 
9 
Fig. 11: surfactant made by pyrene derivative 5 with tetrasulfonatophenyl 
porphyrins. [43]  
8 
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2.4. SEPARATION OF METALLIC AND SEMICONDUCTING SWCNTS: 
A lot of studies were performed to separate the semiconducting tubes from the metallic. 
This separation is quite challenging and the most interesting goal in SWCNTs processing. 
An example was reported from Papadimitrakopoulos and co-workers where it was 
possible to obtain a dispersion of SWCNTs enriched in (8,6) species, by using flavin 
mononucleotide (FMN). This compound forms an helical assemble around the tube 
enriching the sample with this chirality.[46] Figure 14 shows the same sample of SWCNTs 
dispersed with SDBS (left spectra) and with FMN (right spectra). SDBS dispersion show 
different types of SWCNTs, indicated as red spots, in the photoluminescence emission 
map in which every spot is related to a different chirality. In the other hand, FMN spectra 
shows the presence of (8,6) tubes as dominant species and this is the proof that FMN 
interact preferably with (8,6) CNTs.   
 
 
  
 
 
 
 
 
10 
Fig. 13: pyrene fused diazapentacene 10 for the manipulation of SWCNTs. 
Fig. 14: Photoluminescence emission maps. On the left is reported a sample of SWCNTs 
with SDBS, in which are present different types of tubes. In the right, the same type of tubes 
dispersed with flavin mononucleotide in which the (8,6) tubes are more evident. 
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Another example is the work of Nakashima and co-workers.[47] In this work a fluorene 
copolymer able to selectively extract types of SWCNTs according to their chirality was 
achieved. This selectivity was obtained by modifing the steric impedence given by lateral 
chains in the units of the fluorene polymer. (Fig 15) This copolymer shows units of 
fluorene with long achiral chains and other units with short and chiral chains. By modifing 
the volume of these second groups of chain it was possible to achieve the chemical 
selectivity of the tubes by their indexes (n,m). 
 
 
 
 
 
 
 
 
Another chemical compound, used for the separation of SWCNTs species, is porphyrin. 
Anderson and co-worker show that the tetramer and hexamer of modified porphyrins 
were able to obtain a preferential interaction with (8,6) and (7,5) semiconducting tubes 
and promote their major extraction.[48] (Fig 16)    
 
 
 
 
 
 
Fig. 15: In the left: schematic representation of the polymer recognition of the tubes. In the 
right: chemical structure of the polymer. 
Fig. 16: Porphyrin unit for the synthesis of oligomers for the the sepation of the SWCNTs. 
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Porphyrin derivatives have been used to make tweezers like structures. In the specific, 
Osuka and co-worker prepared molecular tweezers with two units of chiral porphyrin, 
and this conformation allowed the separation of the (6,5) semiconducting tubes.[49] (Fig 
17) 
 
 
 
 
 
 
 
 
As summary, SWCNTs are one of the most promising materials for a huge number of 
nanoscience applications. However, to exploit their potential in real applications it is 
necessary to disperse and individualize them. In the past years, covalent and non-covalent 
interactions were studied in order to manipulate them. Non-covalent manipulation 
mediated by surfactants looks more promising since it does not interfere with the 
properties of the SWCNTs. SDS and SDBS are generally considered as the best 
surfactants for the individualization of the tubes. However, these surfactants work in 
water media and act as insulators, which are limitations when SWCNTs are used for 
electronic applications. A suitable alternative come from aromatic surfactants that could 
interact with SWCNTs to make stable dispersions without interfering with their 
properties. Examples of aromatic surfactants are based on pyrene and other aromatic 
scaffolds.  
With this in mind, the aim of this thesis is to synthesize new aromatic surfactants for the 
manipulation of SWCNTs. The objective is to prepare molecules with a more extended 
π-conjugation than pyrene and testing them as surfactants for the manipulation of the 
SWCNTs to exploit their potential in electronic applications. The suitable candidates for 
Fig. 17: Chiral nano-tweezers based on porphyrin derivative, and schematic representation 
of the interaction with SWCNTs. 
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this aim are polycyclic aromatic hydrocarbons mainly related to the family of pyrene 
fused azaacenes.        
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3.1. APPLICATION OF POLYCYCLIC AROMATIC HYDROCARBONS TO SWCNTS: 
In the previous chapter it was described that SWCNTs are among the most promising 
candidates in electronic devices. In order to implement SWCNTs in electronic 
applications is necessary to solve problems related to their manipulation. In fact, 
SWCNTs do not exist individualized as a single tube, but in strong bundles caused by the 
π-π stacking interaction between the walls of the tubes. The more individualized are the 
tubes the higher are the properties. 
This inconvenient can be overcome by covalent functionalization and supramolecular 
functionalization of the SWCNTs. Covalent functionalizations can solubilize and 
individualize the SWCNTs, but this method is based on breaking the extended 
conjugation of the SWCNTs, that causes a reduction of the electronic properties. On the 
other hand, supramolecular functionalization is able to solve the handling problems 
leaving the conjugation of the material unchanged. This method is based on the 
interaction of aromatic compounds with the walls of the SWCNTs by π-π stacking, while 
they are solved in the organic solvent. By this approach it is possible to exfoliate partially 
the bundles and bring the SWCNTs in solution. Moreover, supramolecular 
functionalization interferes slightly with the extended conjugation of the SWCNTs, 
leaving their properties intact.  
To develop electronic applications, it would be desirable to disperse and manipulate 
SWCNTs with surfactants based on molecules suitable for this purpose. Azaacene 
derivatives have demonstrated a great potential as organic semiconductors[50] and 
SWCNTs’ surfactants.  
Our objective is to design and synthesize molecule with an increased π-conjugation 
compared to pyrene for the manipulation of the tubes. 
 
 
3.2. ROUTES TO SYNTHESIZE EXTENDED PYRENE SYSTEMS: 
Acenes are a category of chemical compounds composed by aromatic rings fused together 
to form linear and non-linear derivatives. After five linearly fused benzene rings, the 
acenes become unstable[51] and modifications are necessary for the preparation of longer 
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derivatives. Adding heteroatoms in the structure of the acenes give them more stability 
and simplify a lot their synthesis. A way to functionalize the acenes, to improve stability, 
is based on lateral expansion with external benzene rings. By this synthetic pathway 
dibenzoazaacenes are formed.[52] 
Dibenzoazaacene synthesis begins with the oxidation of pyrene into pyrene-4,5-diketone 
11 and pyrene-4,5,9,10-tetraketone 12 mediated by ruthenium trichloride and sodium 
peroiodate. Depending on the stoichiometry either dione 11 or tetraone 12 can be 
obtained.[53] (Fig. 18) 
  
 
 
 
 
These two building blocks are then used to increase the aromatic extension of the system. 
The easiest way to perform the enlargement of the conjugation is by cyclocondensation 
with aromatic diamines. By this approach it is possible to obtain large number of 
dibenzoazaacenes. The simplest example is the dibenzohexacene 13 made by the 
condensation of pyrene-4,5,9,10-tetraketone 12 with the o-phenylenediamine.[54] (Fig. 
19) 
  
 
 
 
 
Dibenzohexacene 13 exhibits low solubility. To solve this problem a new derivative was 
prepared. Kaafarani and co-workers used the 4,5-dichlorobenzene-1,2-diamine to obtain 
the dibenzohexacene 14 that was possible to further functionalize by solubilizing moiety. 
Fig. 18: Oxidation of pyrene to give pyrene-4,5-diketone 11 and pyrene-4,5,9,10-
tetraketone 12. 
10 11 12 
Fig. 19: Synthesis of pyrene fused tetraazahexacene 13 
 
13 12 
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By this approach compound 15 was obtained and it showed enough solubility to be 
investigated for semiconductor microstructure.[54] (Fig. 20) 
 
 
    
 
 
 
 
 
Other examples of dibenzoazaacens achieved by this approach were reported in 2010, in 
our group. Tetrabenzoheptacene 16 and dibenzooctacene 17 were obtained by performing 
a cyclocondensation between two units of pyrene-4,5-diketone 11 with 
tetraaminobenzene hydrochloride and pyrene-4,5,9,10-tetraketone 12 with two units of 
2,3-diaminonaphtalene.[55] The main problem of these structures was the low solubility 
that they showed in organic solvents like DMSO, DMF, CH2Cl2, chloroform and etc.  
 (Fig. 21) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20: Synthesis of a soluble pyrene fused tetraazahexacene 15 
Fig. 21: structures of teraazahptacene 16 and tetraazaoctacene 17. 
14 
15 
11 
12 
17 
16 
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To solve this issue, the pyrene structure was further modified in order to introduce new 
substituent groups to increase the solubility. One possible way to perform this is a 
functionalization of positions 2 and 7 of the pyrene, mediated by a Friedel-Crafts 
alkylation, with two tert-butyl groups to give the 2,7-di-tert-butylpyrene 18, and after the 
oxidation to the tetraketone derivative 19 that can be used for cyclocondensation.[56,57] 
(Fig. 22)  
  
 
 
 
 
 
 
 
 
 
A second alternative to insert solubilizing moieties inside the scaffold was reported by 
our group in which pyrene was functionalized with four solvophilic chains, to obtain 
compound 23.[58] (Fig. 23) 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 23: Synthesis of 1,3,6,8-tetraoctyl-4,5,9,10-tetraketopyrene to highlight the solubility 
of the pyrene fused azaacens. 
Fig. 22: Synthesis of 2,7-di-tert-butylpyrene-4,5,9,10-tetraketone 19 to highlight the 
solubility of the pyrene-fused azaacenes. 
10 18 19 
10 20 21 
22 23 
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With pyrene tetraketone 19 and 23 our group was able to achieve dibenzooctacenes with 
noticeable solubility by cyclocondensation with 2,3 diaminonaphtalene.[58] (Fig. 24) 
  
 
 
 
 
 
 
 
 
 
 
 
The solubility can also be enhanced by introducing substituent groups in 2,7 positions. 
Pyrene-4,5,9,10-tetraketone 12 is halogenated by N-iodosuccinamide (NIS) in acid media 
to give 2,7-diiodopyrene-4,5,9,10-tetraketone 26. Derivative 26 is protected into the 
related diketals derivative 27 by ethylene glycol and p-toluenesulfonic acid. This 
substrate is now used for a Sonogashira cross-coupling with different acetylenes like 
TIPS, n-hexyl, ferrocenyl, TIBS and TPS to give compounds 28. As a final step the 
deprotection of the diketals is perfomed in TFA in presence of water to obtain the opened 
tetraketone 29 that is ready for the cyclocondensation.[59] (Fig. 25)  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24: Synthesis of pyrene fused octacene 24 and 25 with increased solubility.  
19 
23 
24 
25 
12 26 
27 
28 29 
Fig. 25: Synthesis of 2,7-di-substituted-pyrene-4,5,9,10-tetraketone 29 to highlight the 
solubility of the pyrene fused azaacens. 
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With compound 29 our group was able to introduce distortions in the final azaacenes. 
Compound 29 functionalized with TIPS, TIBS and TPS groups were cyclocondensed 
with o-phenilendyamine bringing the same substituents in positions 3 and 6. By this 
approach dibenzohexacenes 30a, 30b and 30c were obtained and the three substrates 
showed different twisted angles, depending in the size and the characteristic of the sylil 
group. First, dibenzohexacenes 30a with TIPS substitutions was prepared and it showed 
a twisted angle of 6°. After the same derivative with TIBS substitutions 30b was prepared 
and this compound showed a smaller angle due to the enhanced flexibility of the 
substituents. Last, dibenzohexacenes 30c with TPS substitutions was synthesized and 
these bulky groups distorted the compound with an angle of 24°.[60] (Fig. 26)   
 
 
 
 
 
 
 
 
 
In another work of our group, compound 29 functionalized with TIPS was 
cyclocondensed with different diamines to get hexacenes 31, 32, 33 and 34. These 
compounds showed LUMO levels lower than normally observed for the same hexacenes 
without substitutios (-3.2eV). Compound 31 with eight fluorine atoms shows a LUMO 
level of -3.4 eV while, the presence of four nitro groups (compound 32) shows a LUMO 
level of -3.7 eV and four cyano groups a LUMO level of -3.6 eV (compound 33). Later, 
compound 34 was prepared and it shows the lower LUMO of the series (-4.3 eV) as result 
of the combination of the four nitriles and the two additional pyrazine rings (Fig. 27).[61] 
 
 
 
 
Fig. 26: Dibenzohexacenes with different twisted angles. 
30a 30b 30c 
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Nowadays, the longest oligoazaacenes synthetized have been reported by Wang and co-
workers.[62] Undecacene 35, tridecacene 36 and hexadecacene 37 have been synthetized 
by cyclocondensation. These compounds were insoluble due to their strong tendency to 
aggregate in solution as illustrated by 1H-NMR characterization in o-dichlorobenzene-d4 
at 120°C, in which mostly broad signals were observed. Later, characterization by 
elemental analysis and MALDI was achieved and the compounds showed decreasing 
LUMO levels (3.7–3.8 eV) with increasing the number of rings. (Fig 28).  
  
 
  
 
 
 
 
 
 
 
 
 
Fig. 27: Dibenzohexacenes with different low LUMO levels. 
31 32 33 34 
Fig. 28: Structures of the oligoazaacenes reported by Wang and co-workers. 
35 
37 
36 
 ChapterIII Synthesis of azaacenes-based surfactants. 
 
 
30 
In 2015 Mastalerz and co-workers were able to synthetize a linear undecacene system 
with high solubility and at the same time high tendency to crystalize due to the distorted 
end-capping groups. Characterization of compound 38 by 1H-NMR in CDCl3 at 25°C was 
easily performed and its extinction coefficient measured by UV/Vis spectroscopy at 
different concentrations without changing, proving no aggregation in solution. The 
molecule showed a LUMO level of -3.8eV and after grow the single crystals in o-
dichlorobenzene the structure by X-ray diffraction was confirmed.[63] (Fig 29) 
 
 
 
 
 
 
 
As last example, polyacene is reported. This derivative is obtained by using the 
tetraaminobenzene and pyrene-4,5,9,10-tetraketone 12 in solvents such as 
hexamethylphosphoramide, m-cresol and polyphosphoric acid. Compound 38 was 
completely insoluble and showed a very high thermal stability up to 545°C in air and 
molecular weight correspond to about 85 linearly-fused aromatic rings.[55] (Fig 30)  
 
 
 
 
 
 
 
 
 
Fig. 30: Synthesis of poly pyrene fused azaacenes. 
38 12 
Fig. 29: Undecacene 38[63]. 
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3.3. DESIGN AND SYNTHESIS OF THE NEW SURFACTANTS:  
The study of azaacenes turn to dibenzo azaacenes as one of the best pathways to stabilize 
and synthesize this promising class of compounds[52] for electronic applications. 
Moreover, pyrene plays an important role in the manipulation of the SWCNTs by 
supramolecular interactions.[40,45,64,65]  
We have selected dibenzo azaacenes as the chemical group for the synthesis of new 
surfactants for the SWCNTs’ manipulation. In this approach, pyrene is used as an 
aromatic anchor to interact with SWCNTs. Solvophilic moieties are inserted to enhance 
the solubility, and π-conjugation is increased to obtain more interaction with the 
SWCNT’s walls. (Fig 31)  
 
 
 
 
 
 
 
 
 
We decided to synthesize surfactant of different level of conjugation. In the next pages 
the work performed for the hexacene and octacene surfactants will be described. In the 
case of “hexacene” and “octacene” surfactants the study was focused in using different 
amine to have a more extended library of derivatives. Moreover, the octacene surfactant 
was also studied to achieve a tweezer scaffold.. 
 
 
Fig. 31: Representation of our purpose. 
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3.3.1. Hexacene series 
 
The first designed surfactant was the dibenzo tetraazahexacene 43. It starts from the 
oxidation of pyrene to pyrene-4,5,9,10-tetraketone 12.[53] This compound was 
halogenated in N-iodosuccinamide (NIS) in acid media to give 2,7-diiodopyrene-
4,5,9,10-tetraketone 26.[66] The carbonyl groups were protected by ethylene glycol and p-
toluenesulfonic acid (PTSA) to form derivative 27. As a subsequent reaction, the 
Sonogashira cross-coupling was performed, with the solvophilic moiety 39 to obtain 
derivative 40. The solubilizing moiety was synthesized in our laboratory by a 
deprotonation of the starting tetraethylenglycolmonomethylesther, by sodium hydride, to 
allow the nucleophilic attack on the propargyl bromide.[67] (Fig. 33) The final step is the 
deprotection of the ketals, performed in TFA and water to give the opened tetraketone 
41.[68] Derivative 41 is now used for the cyclocondensation performed with o-
phenylendiamine 42 in order to achieve the desired dibenzo tetraazahexacene 43. (Fig. 
32) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 32: Synthesis of dibenzo tetraazahexacene 43. 
12 
26 27 
39 
40 41 
42 
43 
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Compound 43 was the first to be tested as a surfactant for HIPco SWCNTs. It was soluble 
in DMSO, CH2Cl2, slightly soluble in THF and insoluble in MeOH. We attempted the 
dispersion of the HIPco SWCNTs in CH2Cl2, DMSO, and THF but, after trying different 
sonication times (between 3 and 6 hours) and centrifugation times (between 20 minutes 
to 90 minutes) and speeds (between 1000 and 5000 rpm), stable dispersions were never 
obtained. (Fig. 34) 
 
 
 
 
 
 
 
 
At this stage we hypothesized that the problems in the dispersability could be related to 
the lack of solubility power of the substituents so we decided to transform the rigid 
acetylenes in the related aliphatic derivative. Triple bonds are easy to reduce by H2 and 
Pd/C and by this reduction the solubilizing moieties would gain degrees of freedom that 
could be useful for the stability of the dispersion. (Fig. 35) 
  
 
Fig. 34: Dispersion test of pyrene fused tetraazahexacene 43 in CH2Cl2. In the vial it is 
possible to see the solution of the compound in the solvent and little black aggregates of the 
HIPco SWCNTs. 
39 
Fig. 33: Synthesis of the solvophilic moiety 39. 
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Fig. 36: synthesis of pyrene fused tetraazahexacene 45. 
 
 
 
 
 
                                
 
The synthesis of the new surfactant 45, starts with a catalytic hydrogenation[58] of 
compound 40 to reduce the acetilenes moieties and give compound 44. The deprotection 
of 44 took place in the same condition used for 41 to give the deprotected compound  with 
almost the same yield. The final step is the cyclocondensation with o-phenylendiamine 
42 that was performed in the same conditions of 43 but with a lower yield. (Fig. 36) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 35: Differences between surfactant 43 and 45 
40  44   
 45 
42 
43 45 
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Compound 45 showed solubility in DMSO and CH2Cl2. After trying different sonication 
times and centrifugation times and speeds, stable dispersions in DMSO were not 
observed. Then CH2Cl2 was tested, and stable dispersions of HIPco SWCNTs were 
obtained by preparing a 2% solution of compound 45 in 7 mL of CH2Cl2 by 3 hours of tip 
sonication.  
The obtained dispersion was stable enough to be analyzed by absorption spectroscopy.  
In figure 37 absorption spectra of 45@HIPco and SDS@HIPco reference are reported. 
The absorption spectra of the two dispersions are really different: while SDS dispersion 
shows HIPco SWCNTs well individualized and in a good quantity, in compound 45 
spectra, broad bands are visible. In general, good individualization of the tubes is obtained 
when the peaks are sharp, while broad bands are related to bundles[69].  
  
 
 
 
 
 
 
 
 
 
 
 
A disadvantage of these compounds is the lack of solubility, so we decided to introduce 
an hexaethyleneglycol chain as a larger solubilizing moiety. The new solvophilic moiety 
Fig. 37: UV-Vis-NIR spectrum of HIPco SWCNTs dispersion made by pyrene fused 
tetraazahexacene 45. 
.  
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was prepared following the same synthetic pathway of the short solvophilic chain. (Fig. 
38)  
Compound 46 was obtained by Williamson ether reaction[70] between 
hexaethylenglycolmonomethylester and propargyl bromide. The desired compound was 
obtained as pail oil in a lower yield than the shorter chain 39.[67] 
  
 
 
 
 
The route for new surfactant 49 is the same used for dibenzo tetraazahexacene 43. The 
synthesis of the pyrene derivative 47 did not proceed under the same conditions for 
compound 40. Different conditions were tested, it was use Pd(PPh3)2Cl2 and Pd(PPh3)4 as 
catalyst, using different bases as iPr2NH and NEt3 in dry THF as solvent. (Table 1) The 
performed attempts in THF did not allow the formation of the desired compound, and in 
all the reactions unreacted starting materials were recovered. Later DMF was used and 
the desired compound was obtained in almost the same yield of compound 40. 
Deprotection of 47 took place in TFA:water 9:1 to give compound 48 with a lower yield 
that the other two cases. The final step is the cyclocondensation with o-phenylendiamine 
42 that occurred without problems to give derivative 49. (Fig. 39) 
 
 
 
 
Entry Catalyst Amine Solvent Result 
1 Pd(PPh3)2Cl2 iPr2NH THF Unreacted starting materials 
2 Pd(PPh3)4 iPr2NH THF Unreacted starting materials 
3 Pd(PPh3)2Cl2 NEt3 THF  Unreacted starting materials 
4 Pd(PPh3)4 NEt3 THF Unreacted starting materials 
5 Pd(PPh3)2Cl2 iPr2NH DMF Desired compound 
46 
Table 1:  Summary of the test performed for the formation of compound 47. Compound 27 1 eq, 
46 5 eq, CuI 0.2 eq and catalyst 0.2 eq in all the reactions. 
Fig. 38: Synthesis of the solvophilic moiety 46. 
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Dibenzotetraazahexacene 49 was tested as surfactant for HIPco SWCNTs. Compound 49 
was soluble in DMSO and CH2Cl2 but, after trying different sonication times (between 3 
and 6 hours) and centrifugation times (between 20 minutes to 90 minutes) and speeds 
(between 1000 and 5000 rpm), stable dispersions were never obtained. (Fig. 40)  
 
 
 
 
 
 
 
Fig. 39: Synthesis of dibenzo tetraazahexacene 49. 
 
Fig. 40: Dispersion test of pyrene fused tetraazahexacene 49 in CH2Cl2. In the vial it is 
possible to see the solution of the compound in the solvent and little black aggregates of the 
HIPco SWCNTs 
27 
47 48 
42 
49 
46 
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Fig. 42: synthesis of pyrene fused tetraazahexacene 52. 
To improve the solubility of surfactant 49 we planned to prepare 52 (Fig. 41) as it proved 
to be a useful approach by compound 45. 
 
 
 
 
 
 
In the same way, the synthetic route starts with compound 47. The reduction is performed 
by H2 and Pd/C 10% to obtain product 50 in a good yield but lower in comparison with 
compound 44. Compound 50 was deprotected in acidic media to restore the ketones with 
similar yield of the others similar reactions. Compound 51 was cyclocondensed with o-
phenylendiamine, to give dibenzotetraazahexacene 52. (Fig. 42) 
 
 
 
 
 
 
 
 
 
 
 
Fig. 41: Differences between surfactant 49 and 52 
49 52 
47 50 51 
52 
42 
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After the synthesis, dibenzotetraazahexacene 52 was tested as a surfactant for HIPco 
SWCNTs’ dispersion. Compound 52 shows solubility in DMSO and CH2Cl2. In DMSO, 
after trying different sonication times and centrifugation times and speeds, stable 
dispersions were not obtained. Then CH2Cl2 was tested, and stable dispersions of HIPco 
SWCNTs were obtained by preparing a 2% solution of compound in 7 mL of CH2Cl2 by 
3 hours of tip sonication.  
The obtained dispersion was stable enough to be analyzed by absorption spectroscopy. In 
figure 43 absorption spectra of compound 52@HIPco and SDS@HIPco reference 
dispersion are reported. As it is possible to see the two dispersions are really different; 
while SDS dispersion shows resolved bands consistent with HIPco SWCNTs well 
individualized and in a good quantity, in 52@HIPco spectra broad bands are present. 
Broad bands are evidence of bundles. 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 43: UV-Vis-NIR spectrum of HIPco SWCNTs dispersion made by pyrene 
fused tetraazahexacene 52. 
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3.3.2. Dibenzo octaazahexacene: 
 
After the synthesis of the hexacene derivatives with o-phenilendyamine we decided to 
test the reaction with 5,6-diaminopyrazine-2,3-dicarbonitrile to lower the LUMO and 
ensure the doping on the HIPco SWCNT. This reaction is quite challenging since the 
amine groups are poor nucleophile due to the electronic delocalization of the structure. 
The synthesis of compound 55 was already reported in our laboratory [61]. We decided to 
test the same reaction with compound 51. In figure 44 the proposed synthesis is reported.  
 
 
 
 
 
 
 
 
 
 
We tested the conditions reported in table 2. 
In none of the experiments was possible to achieve the desired compound. In the TLC a 
lot of spots were present. From the 1H-NMR of the crude mixture the desired compound 
was not identify.  
The complex reaction mixtures of all the attempts was purified by column 
chromatography but neither in the 1H-NMR of the obtained fractions were possible to 
identify the desired compound.   
 
53   55 
51 
54 
  56 
Fig. 44: synthetic route for hexacene 55 and new compound 56. 
54 
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After the results obtained by testing the surfactants we understood that propylene 
poly(ethylene)glycol chains are better than relative acetylene moiety to obtain stable 
dispersion of HIPco SWCNTs. Figure 45 shows the results of the dispersion of the 
different compounds. Those surfactants that present a triple C-C bond (surfactant 43 and 
49) were not able to make stable dispersions. On the other hand, when the triple C-C was 
reduced to the alkane (surfactant 45 and 52) stable dispersions were successfully 
prepared.  
Moreover, we decide to perform the same synthesis with 5,6-diaminopyrazine-2,3-
dicarbonitrile to have a completely different aromatic scaffold. Different conditions were 
tested and complex mixture of products were obtained in all the attempts and 1H-NMR 
of the crude mixture and of purified fractions were not consistent with the desired 
compound. 
 
Entry Solvent Result 
1 Pyridine 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
2 AcOH 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
3 AcOH:CH2Cl2 1:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
4 AcOH:THF 1:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
5 AcOH:1,4 Dioxane 1:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
6 AcOH:Toluene 1:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
7 AcOH:Ethylene glycol 1:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
8 Toluene:PTSA (0.2 eq) 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
9 Toluene:HCl 36% 9:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
10 Toluene:TFA 9:1 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
11 CH2Cl2 TiCl4 (4,5 eq)  
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
12 DMSO 
Complex mixture of products, 1H-NMR inconsistent 
with desired product 
Table 2: condition used in the attempted synthesis of compound 56. 
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3.3.4.1. Conclusion of Dibenzo octaazahexacene: 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 45: In the table are possible to see the different solubilizing moiety used for the 
dispersions, and when stable dispersions were obtained. 
43                                   45                                 49                                 52 
Not stable  
dispersion 
Not stable  
dispersion 
Stable 
dispersion 
Stable 
dispersion 
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3.3.4. Octacene series: 
 
Although hexacene surfactants were able to prepare stable dispersion of HIPco SWCNTs 
the individualization was not achieved, due to this, we decided to increase the size of the 
aromatic scaffold to study the effect on the dispersability of a larger π-π stacking contact. 
Surfactants with a dibenzo octacene aromatic core were investigated. 
The study of the ocatacene surfactants is divided in three main topics. First, we 
investigated the synthesis of the octacene with 2,3-diaminonaphtalene. Later, we focused 
our effort on increasing the solubility of the surfactants by adding additional solvophilic 
moieties in the amine residue. Last, we investigated the introduction of curvature on the 
aromatic core in order to achieve a tweezer structure of the derivative.  
3.3.5. Dibenzooctace: 
In figure 46 the structures of the new surfactants are reported. Taking advantage of the 
availability of tetraketones 42, 44, 48 and 51 described in the previous section, the 
synthesis of the octacenes was investigated by carrying out the cyclocondensation 
reactions with 2,3 diaminonaphtalene.    
 
 
 
 
 
 
 
 
 
 
57 58 
59 60 
Fig. 46: New series of surfactants based on pyrene fused tetraazaoctacene scaffold. 
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In figure 47 the synthesis of the four octacenes starting from the related pyrenetetraketone 
precursor is reported. 
  
 
 
 
 
 
 
 
 
 
 
The octacene surfactants show solubility in DMSO and CH2Cl2. After trying different 
sonication times and centrifugation times and speeds, stable dispersions were not obtained 
in DMSO. Then CH2Cl2 was tested, and stable dispersions were obtained by preparing a 
2% solution of all compounds in 7 mL of CH2Cl2. HIPco SWCNTs were added to this 
solution and the obtained mixture sonicated with tip sonication for 3h.  
As expected the dispersions made by the surfactant with the octacene scaffold were stable, 
and this stability was long enough to perform the characterization of the samples. In 
figure 48 the absorption spectra of the four surfactants are reported. As it is possible to 
see, they have the same behavior for the stability of the HIPco SWCNTs dispersion. 
The absorption spectra of the compounds are similar one to each other, as we were 
expecting. By increasing the number of rings of the aromatic scaffold, the dispersions 
became stable regardless of the solubility chain. In addition, higher degree of 
individualization in comparison with the hexacene surfactrants was obtained.   
Fig. 47: New series of surfactants based on dibenzo tetraazaoctacene scaffold. 
42                                           57                                 48                                           58 
44                                           59                                  51                                           60 
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The synthesis of the octacene surfactants was performed with no difficulties with the same 
protocol as the hexacene surfactants and stable dispersions of HIPco SWCNTs were 
obtained with all compounds. We did a preliminary study of dispersion by UV-Vis-NIR 
absorption spectroscopy, and higher individualization of HIPco SWCNTs in comparison 
with the hexacene surfactants was obtained with all the substrates.  
At this point we decided to increase the number of the solvophilic moieties inside the 
scaffold to improve the solubility of the derivatives. 
 
 
 
 
Fig. 48: Absorption spectra of the HIPco SWCNTs dispersions made by the octacene 
surfactants. 
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3.3.5. Hexaasobstituded octacene: 
 
After the synthesis of the octacene surfactants it was decided to prepare more soluble 
derivatives in order to disperse the HIPco SWCNTs. 
To obtain more soluble surfactants, we decided to synthesize the hexasubstituted dibenzo 
octacene 61 (Fig 49).  
 
 
 
 
 
 
 
 
To achieve surfactant 61 is necessary to functionalize the 2,3-naphtalenediamine in the 1 
and 4 positions (Fig 50). The tetraethylenglycol moiety 39 was selected to investigate the 
synthetic route.  
 
 
 
 
  
 
The pourpose synthetic pathway to prepare the 2,3-diaminonaphtalene is shown in figure 
51. It starts with the bromination of position 1 and 4 of 2,3-diaminonaphtalene in acetic 
Fig. 50: 1,4-disubstituted-2,3-diaminonaphtalene 62. 
62 
Fig. 49: Hexaasobstituded pyrene fused tetraazaoctacene 61. 
  61 
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acid. This reaction generally gives a mixture of the 1-bromonaphthalene-2,3-diamine and 
the 1,4-dibromonaphthalene-2,3-diamine 63 so the mixture had to be separated by column 
chromatography to obtain compound 63.[71] The diamine system 63 was protected with 
thionyl chloride, in order to achieve the 4,9-dibromonaphthothiadiazole 64, that is then 
used for the Sonogashira cross-coupling with the solvophilic moiety 39.[71] The 
Sonogashira reaction was carried out on substrate 64 using different conditions as 
reported in table 3. The reaction carried out in THF did not give the desired compound. 
According to TLC and 1H-NMR it was possible to see that the starting materials remain 
unreact. We then tested DMF and neither in this case there were evidences of the desired 
product by TLC and the 1H-NMR spectra. (Fig 51) 
  
 
 
 
 
 
 
 
 
Entry Amine Catalyst Solvent  Result 
1 i-Pr2NH  Pd(PPh3)2Cl2 THF  Unreacted starting materials 
2 NEt3  Pd(PPh3)2Cl2 THF  Unreacted starting materials 
3 i-Pr2NH  Pd(PPh3)2Cl2 DMF  Unreacted starting materials 
4 NEt3  Pd(PPh3)2Cl2 DMF  Unreacted starting materials 
5 i-Pr2NH Pd(PPh3)4 THF Unreacted starting materials 
6 NEt3 Pd(PPh3)4 THF Unreacted starting materials 
7 i-Pr2NH Pd(PPh3)4 DMF Unreacted starting materials 
8 NEt3 Pd(PPh3)4 DMF Unreacted starting materials 
 
 
Fig. 51: synthetic pathway for 1,4-disubstituted-2,3-diaminonaphtalene 62. 
  63 64 
65 62 
Table 3: Resume of the test done for the Sonogashira reaction. The reaction was carried out 
between compound 64 1 eq. and 39 5 eq. CuI 0.2 eq. catalyst 0.2 eq. amine 5 eq. 
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After the tests done in THF and DMF for Sonogashira reaction, Stille reaction[72] was 
used. Stille reaction can produce a C-C bond between a halide and a stanane derivative 
as a coupling reagent. The tributyltin derivative of the alkyne 39 was synthesized in order 
to achieve the tin derivative 66. (Fig 52) Derivative 66 was obtained in good yield, 80%, 
as yellow oil. Stille coupling was performed on substrate 64 in the conditions reported in 
table 4, but neither these reactions give the desired product. According to TLC and 1H-
NMR it was possible to see that the starting materials were not reacting in THF. We then 
tested a higher boiling point solvent, as DMF, but neither in this case there were evidences 
of the desired product by TLC and the 1H-NMR spectra. 
 
 
  
 
 
  
 
 
 
 
 
 
Entry Amine Catalyst Solvent  Result 
1 i-Pr2NH  Pd(PPh3)2Cl2 THF  Unreacted starting materials 
2 i-Pr2NH  Pd(PPh3)2Cl2 DMF  Unreacted starting materials 
3 NEt3  Pd(PPh3)2Cl2 THF  Unreacted starting materials 
4 NEt3  Pd(PPh3)2Cl2 DMF  Unreacted starting materials 
5 i-Pr2NH Pd(PPh3)4 THF Unreacted starting materials 
6 i-Pr2NH Pd(PPh3)4 DMF Unreacted starting materials 
7 NEt3 Pd(PPh3)4 THF Unreacted starting materials 
8 NEt3 Pd(PPh3)4 DMF Unreacted starting materials 
39 66 
Fig 52: Synthesis of the tributyltindrrivative 66. 
Table 4: summary of the tests done for the Stille coupling. The reaction is carried out between 
compound 64 1 eq. and 66 5 eq. catalyst 0.2 eq. amine 5 eq. 
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Another synthetic pathway tested was the nucleophilic attack of alkyne 39 on compound 
68 (Fig. 53). The synthetic pathway reported in figure 53, starts with the 2,3-
dichloronaphthalene-1,4-dione that is modified by a nucleophilic substitution to give the 
2,3-diaminonaphthalene-1,4-dione 67. This derivative is transformed into thiadiazole 
derivative 68. 
 
 
 
 
 
 
 
 
 
The last step is the nuclophilic attack of the lithiun anion of alkyne 39, mediated by the 
n-BuLi, to obtain compound 69. (Fig 54)  
 
 
 
 
 
 
 
After purification TLC and 1H-NMR confirmed that derivative 68 was recovered and also 
in this attempt the desired derivative was not achieved. 
67 68 
69 62 
Fig 53: new synthetic pathway for the synthesis of diamine 62. 
Fig 54: nuclophilic attack of the alkyne 39, mediated by the n-BuLi, to reach 
compound 69 
39 
68 69 
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A different strategy was tested using propargyl bromide as alkyne for the Sonogashira 
reaction, followed by the introduction of the glycol chain by Williamson ether synthesis 
(Fig 55). Several conditions were used in an attempt to synthesize compound 70 including 
catalyst, bases and solvents but no signs of the formation of the desired product was 
observed by 1H-NMR and TLC of the crude mixture. (Table 5).  
 
 
 
 
 
 
 
 
 
 
Entry Amine Catalyst Solvent Result 
1 NEt3 Pd(PPh3)2Cl2 THF Unreacted starting materials 
2 NEt3 Pd(PPh3)2Cl2 DMF Unreacted starting materials 
3 NEt3 Pd(PPh3)2Cl2 Dioxane  Unreacted starting materials 
4   Pd(PPh3)2Cl2 NEt3 Unreacted starting materials 
5 i-Pr2NH Pd(PPh3)2Cl2 THF Unreacted starting materials 
6 i-Pr2NH Pd(PPh3)2Cl2 DMF Unreacted starting materials 
7 i-Pr2NH Pd(PPh3)2Cl2 Dioxane  Unreacted starting materials 
8   Pd(PPh3)2Cl2 i-Pr2NH Unreacted starting materials 
9 NEt3 Pd(PPh3)4 THF Unreacted starting materials 
10 NEt3 Pd(PPh3)4 DMF Unreacted starting materials 
11 NEt3 Pd(PPh3)4 Dioxane  Unreacted starting materials 
12   Pd(PPh3)4 NEt3 Unreacted starting materials 
13 i-Pr2NH Pd(PPh3)4 THF Unreacted starting materials 
14 i-Pr2NH Pd(PPh3)4 DMF Unreacted starting materials 
15 i-Pr2NH Pd(PPh3)4 Dioxane  Unreacted starting materials 
16   Pd(PPh3)4 i-Pr2NH Unreacted starting materials 
Fig 55: Synthetic pathway for compound 69 by Williamson ether synthesis. 
64 69 70 
Table 5: The reaction is carried out between compound 64 1 eq. and propargyl bromide 5 eq. 
CuI 0.2 eq. catalyst 0.2 eq. amine 5 eq. 
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Sonogashira and Stille coupling between derivative 39 and 64 were tested to achieve the 
1,4-disubstituted-2,3-diaminonaphtalene 62, without success. Sonogashira reaction were 
also tested between propargyl bromide and derivative 64 with different solvents, bases, 
and catalyst but desired compound 70 were never obtained. Nucleophilic attack of alkyne 
39 on compound 68 was also explored as synthetic pathway for 1,4-disubstituted-2,3-
diaminonaphtalene 62 but once again unreacted starting materials were recovered. After 
all these attempts, synthesis of 1,4-disubstituted-2,3-diaminonaphtalene 62 was 
abandoned and also the synthesis of the hexasubstituted octacene. 
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3.3.6. Octacene tweezers: 
 
We decided to modify the octacene scaffold of surfactants 57, 58, 59, and 60 to achieve 
the formation of tweezers derivatives. This new shape could be tested in the dispersion of 
the SWCNTs to see if a non-covalent recognition of the tubes would be performed. 
In figure 56 the synthetic pathway to obtain this modification is reported.  
 
 
 
 
 
 
 
 
Different conditions were tested in order to achieve compound 71. Zinc and iron were 
used as reducing agents with different acetil sources like acetic anhydride, acetyl chloride 
and acetyl chloride:CH2Cl2 1:1 mixture. In the TLC of all reactions new compounds were 
not identified and in the 1H-NMR spectra of all the reaction show starting material 57. 
(Table 6)  
 
 
 
 
 
 
 
Entry Metal  Acetil source Result 
1 Zn Ac2O Unreacted starting materials 
2 Fe Ac2O Unreacted starting materials 
3 Zn AcCl Unreacted starting materials 
4 Fe AcCl Unreacted starting materials 
5 Zn AcCl:CH2Cl2 1:1 Unreacted starting materials 
6 Fe AcCl:CH2Cl2 1:1  Unreacted starting materials 
71 57 
Table 6: Condition tested for the tweezer molecule 71. 
Fig. 56: Synthetic pathway for the molecular tweezer. 
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As an alternative, it was thought to use H2 with Pd/C as catalyst to obtain the reduction of 
the pyrezine rings to later proceeds with the addition of the acetyl groups. (Fig 57) 
 
 
 
 
 
 
 
Different conditions were used in order to achieve the desired compound but TLC and 
1H-NMR spectra never showed the formation of the desired product and starting material 
58 were always recovered. (Table 7) 
 
 
 
 
As a last attempt, it was decided to use Na2S2O4 in EtOH but instead of inserting acetyl 
groups it was decided to add methyl groups in the compound in order to see the behavior 
of smaller groups than the acetyl.[73] TLC showed presence of new derivatives. After the 
work up 1H-NMR analysis was performed but the spectrum was inconsistent with 
derivative 74. (Fig.58)  
 
Entry H2 Pd/C Solvent Acetil sourc Result 
1 CH2Cl2 Ac2O Unreacted starting materials 
2 CH2Cl2 AcCl Unreacted starting materials 
3 AcOEt Ac2O Unreacted starting materials 
4 AcOEt AcCl Unreacted starting materials 
5 Ac2O Ac2O Unreacted starting materials 
  58                                                     72                                                                       73 
Fig. 57: New synthetic pathway for the preparation of compound 73.  
Table 7: Condition tested for the formation of derivative 73. 
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Synthesis of octacene tweezer was explored by reduction of the nitrogen atoms of the 
scaffold. This reaction was carried out by using zinc and iron as reducing metal and later 
H2 with Pd/C. Different acetyl sources were used but after purification starting materials 
were always recovered.  Moreover, also iodomethane was tested but the tweezer structure 
was not achieved. 
 
 
The synthesis of the octacene surfactants was performed with no difficulties with the same 
protocol as the hexacene surfactants and stable dispersions of HIPco SWCNTs were 
obtained with all compounds. Preliminary study of dispersion by UV-Vis-NIR absorption 
spectroscopy, and individualization of HIPco SWCNTs in solution was obtained with all 
the substrates. At this point we decided to increase the number of the solvophilic moieties 
inside the scaffold to improve the solubility of the derivatives. Sonogashira coupling, 
Fig. 58: Synthetic pathway to obtain new compound 74.  
      57                                                          72 
 74 
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Stille coupling and nucleophilic attack were tested but unreacted starting materials were 
recovered. After all these attempts, the synthesis of 1,4-disubstituted-2,3-
diaminonaphtalene 62 was abandoned and also the synthesis of the hexasubstituted 
octacene. 
Synthesis of octacene tweezer was explored by reduction of the nitrogen atoms of the 
scaffold. This reaction was carried out by using zinc and iron as reducing metal and later 
H2 with Pd/C. Different acetyl sources were used but after purification starting materials 
were always recovered.  Moreover, also iodomethane was tested but the tweezer structure 
was not achieved. 
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3.3.10. Pyrene reference surfactant:  
 
After the synthesis of the surfactants it was decided to prepare the relative reference 
compounds with a small π- conjugation, to compare the dispersions of HIPco SWCNTs. 
According to the obtained surfactants, we decided to functionalize pyrene in the 2,7 
positions with the alkyne chain 46. (Fig 59) 
 
 
  
 
 
 
 
 
The synthesis of this derivative is obtained by a Sonogashira cross-coupling[74] reaction 
between alkyne 46 and 2,7-dibromopyrene 76. (Fig 60) 
 
 
   
 
 
 
 
 
75 
Fig. 59: Pyrene surfactant 75. 
Fig. 60: Synthesis of reference molecule 75. 
76 
75 
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Compound 75 was investigated as a surfactant. A preliminary study, carried out by 
absorption spectroscopy in CH2Cl2, indicates the potential of this derivative to prepare 
stable dispersions of HIPco SWCNTs. (Fig 61)   
 
 
 
 
 
 
 
 
 
 
In order to obtain the other reference compound the alkyne moieties of 75 were reduced, 
to get compound 77. (Fig. 62) 
 
 
 
 
 
 
 
 
Fig. 61: Absorption spectra of HIPco SWCNTs dispersion made with surfactant 75. 
77 75 
Fig. 62: Synthesis of reference molecule 77. 
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Compound 75 was hydrogenated by H2 and Pd/C 10% which gave product 77 in high 
yield, and this surfactant was tested in order to see the HIPco SWCNTs’ dispersion. By 
this preliminary study it was possible to obtain the dispersion of the tubes in CH2Cl2. (Fig 
63) 
 
 
 
 
 
 
 
 
 
 
 
Synthesis of pyrene reference surfactants was achieved without problems following the 
already established procedure of hexacene series modifications. These surfactants were 
also tested as HIPco SWCNTs dispersants and preliminary UV-Vis-NIR spectra showed 
the presence of HIPco SWCNTs in solution for both. 
 
3.4. CONCLUSION: 
 
In conclusion, a library of eight surfactants was prepared. These surfactants are divided 
in two categories: hexacene and octacene series. The synthetic pathway is the same for 
both categories. These surfactants show different characteristics and they have been 
Fig. 63: Absorption spectra of HIPco SWCNTs dispersion made with surfactant 77. 
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modified following the preliminary HIPco SWCNTs dispersion tests performed in 
CH2Cl2. First surfactants synthetized were the hexacene series. As outcome of the HIPco 
SWCNTs tests we understood that propylene poly(ethylene)glycol chains are better than 
relative acetylene moiety to obtain stable dispersion of HIPco SWCNTs since those 
surfactants that present a triple C-C bond (surfactant 43 and 49) were not able to make 
stable dispersions. On the other hand, when the triple C-C was reduced to the alkane 
(surfactant 46 and 52) stable dispersions were successfully prepared. Hexacene 
surfactants were able to prepare stable dispersion of SWCNTs but not well individualized, 
due to this, we decided to increase the size of the aromatic scaffold to study the effect on 
the dispersability of a larger π-π stacking contact and surfactants with a dibenzooctacene 
aromatic core were investigated. The synthesis of the octacene surfactants was performed 
with no difficulties with the same protocol as the hexacene surfactants and stable 
dispersions of HIPco SWCNTs were obtained with all compounds. We did a preliminary 
study of dispersion by UV-Vis-NIR absorption spectroscopy, and individualization of 
HIPco SWCNTs in solution was obtained with all the substrates. Last, reference pyrene 
molecules 75 and 77 were synthesized in order to compare the HIPco SWCNTs’ 
dispersion made with the extended aromatic surfactants.  
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4.1. INTRODUCTION: 
 
The studies in chapter 3 illustrate that the octacene series shows the best performance to 
solubilize the HIPco SWCNTs. Due to this, it was decided to use compound 60 (fig 66) 
in order to establish a suitable procedure for the dispersion of the tubes and to proceed 
with the complete characterization of the dispersion.  
 
 
 
 
 
 
 
4.2. DETERMINATION OF THE DISPERSION PROCEDURE: 
 
4.2.1. Screening of concentration: 
The screening of the concentration was performed in collaboration with the Electronic 
Properties of Materials group in Vienna under the supervision of Professor Thomas 
Pichler. The amount of surfactant was disolved in 7 mL of the solvent (this volume was 
selected as the best quantity for the feature of the equipment) and, after the addition of a 
spatula tip (0.1 mg) of the HIPco SWCNTs, the sample was sonicated for 3 hours by tip 
sonicator. The solution prepared were 0.5% w/v, 1% w/v, 2% and 4% w/v. After 
sonication process, all dispersions looked stables so the samples were directly analyzed 
by absorption spectroscopy without the centrifugation. In figure 67 the absorption spectra 
of the dispersion obtained are reported. The UV-vis-NIR spectra shows that the best 
concentration for the dispersion is the 2% w/v. This is because the spectrum shows the 
highest absorption intensities of HIPco SWCNTs dispersed in the solution and the highest 
degree of debundling of the agglomerates since the peaks of this spectra are much sharper 
Fig. 66: Surfactant 60. 
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than in the other dispersions. Based on this, in the further test the dispersions were always 
prepared by solution of surfactant at a concentration of 2% w/v. 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
4.2.2. Centrifugation: 
 
Centrifugation was carried out to dispersion to allow HIPco SWCNTs still in bundles to 
precipitate and leave only the well dispersed HIPco SWCNTs in solution, in this way 
homogeneous and individualized dispersions of HIPco SWCNTs were obtained.  
The tests were carried out at different gravity forces and different time. The results 
obtained by centrifugation experiments gave three types of samples:  
• Without HIPco SWCNTs in solutions: all the tubes were in the bottom of the 
centrifuge tube.  
Fig. 67: Absorption Spectra of 0.5% w/v, 1% w/v, 2% and 4% w/v solutions of compound 
60@HIPco . 
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• HIPco SWCNTs flocculating in the solvent, meaning a destruction of a stable 
dispersion.  
• HIPco SWCNTs in solution, but the centrifuged samples show worst features than 
the not centrifuged ones.  
In figure 68 an example of a centrifuged sample is reported. These absorption spectra 
were obtained from a dispersion of HIPco SWCNTs in a solution of surfactant 60 2%w/v 
in CH2Cl2. The same sample was analyzed before and after the centrifugation. The red 
spectrum refers to the sample before the centrifugation while blue refers to centrifuged 
sample. 
As mentioned above, centrifugation is generally carried out to remove the bigger bundles 
of HIPco SWCNTs, leaving the well dispersed in solution. Theoretically, UV-vis-NIR 
peaks have to appear sharper. However, figure 68 shows broader bands for the 
centrifuged sample than the not centrifuged. In our case, centrifugation did not help to 
eliminate the bigger bundles favoring precipitation. Moreover, the quantity of the HIPco 
SWCNTs dispersed in solution is significantly less that the not centrifuged sample. 
In conclusion centrifugation did not provide the desired results on the quality of the 
dispersion and it was avoided.  
 
 
 
 
 
 
 
Fig. 68: Absorption spectra of the same sample of HIPco SWCNTs dispersion made 
before and after centrifugion. 
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4.3. CHARACTERIZATION OF THE DISPERSION 
 
4.3.1. Absorption spectra 
 
Absorption spectroscopy provides a lot of information regarding both the population of 
the sample and the degree of the bundling obtained. The different types of HIPco 
SWCNTs dispersed in the sample can be identified by the presence of the related Van 
Hove singularities while the degree of bundling obtained by the dispersion can be 
understand by the shape and the position of the peaks in the spectra. Generally, the sharper 
the peaks, the more individualized are the HIPco SWCNTs in the dispersion. Also, there 
is a direct relationship between bundling and energy shift. In particular, the more bundled, 
the more red shifted are the bands of the HIPco SWCNTs. 
All the surfactants show similar results, due to this surfactant 60 will be explained in 
detail and at the end of the explanation results of all the surfactants will be reported.  
Figure 69 shows absorption spectra of 60@HIPco dispersion in comparison with 
SDS@HIPco. In SDS@HIPco spectra three areas can be identified, this spectrum is used 
as reference sample. Region between 340 nm and 610 nm is related to metallic transition 
M11, region between 590 nm and 900 nm is related to semiconductor transition S22 and 
region between 900 nm and 1150 nm is related to semiconductor transition S11. 
60@HIPco spectrum shows absence of the S11 transition and the reduction of the 
intensity of the S22 transition made by the interaction of the surfactant with the HIPco 
SWCNTs. Moreover, 60@HIPco spectrum shows the presence of metallic and 
semiconducting tubes and a good degree of individualization. Peaks of 60@HIPco 
spectrum indicates presence of small bundles in solution, since they are brother and red 
shifted in comparison with the related SDS@HIPco peaks. 
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In figure 70 the complete overlap of dispersions of the complete series of surfactants with 
the new procedure is shown. Remarkably with this new procedure we were able to obtain 
dispersions with 43 and 49. All the spectra show similar features. They show partial 
quench of the S11 and S22 transitions and, analyze by the intensity of the spectra is it 
possible also to evaluate that the surfactant 57 solubilize the highest quantity of HIPco 
SWCNTs while surfactant 45 disperse the lower amount of HIPco SWCNTs.     
 
 
 
 
 
 
 
 
Fig. 69: Absorption spectra of 60@HIPco and SDS@HIPco. M11 metallic transition, 
S22 semiconductor transition and S11 semiconductor transition are highlighted. The 
spectra show the quench of S11 in 60@HIPco sample and the red shift of 60@HIPco 
peaks in comparison with SDS@HIPco dispersion. 
M11           S22                  S11 
Fig. 70: Overlap of the absorption spectra of all the hexacene and octacene surfactants. 
Chapter IV. Characterization of CNTs dispersion. 
 
 
68 
4.3.2. Raman Spectroscopy 
 
Raman spectroscopy provide a lot of information regarding the dispersion of the tubes in 
solution. Analyzing the sample with different laser it is possible to see the resonance peak 
of different tubes. Kataura plot[75] (fig 71) is an extremely useful tool to identify the type 
of tubes that are analyzed by a laser. By knowing the diameter of the HIPco SWCNTs in 
the sample, and the wavelength of the laser used for the analysis it is possible to 
understand the chirality of the tube that will be analised.  
 
 
 
 
 
 
 
 
4.3.2.1. 633 nm Laser (red laser) 
 
The first analysis of the dispersions was done with a red laser (633nm). Since the sample 
of HIPco SWCNTs used has a diameter range between 0.9 nm and 1.1 nm, with this laser 
it is expected to exite the semiconductor tubes.  
In figure 72 the Raman spectra of a sample of HIPco SWCNTs using SDS as surfactant 
in water is reported. This spectrum shows the typical features of the HIPco SWCNTs, 
which are the radial breathing mode (RBM) between 190 cm-1 and 300 cm-1, D-band at 
1300 cm-1, G-band at 1580 cm-1, and G’-band at 2600 cm-1.  
 
 
Fig. 71: Kataura plot with laser intensity. 
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G-band is a strong signal that appears at around 1580 cm-1, and by analyzing its width is 
possible to have information regarding the degree of individualization of the tubes. 
Normally the sharper is the G-band the more individualized the tubes are. This is 
illustrated by comparing solid and SDS-dispersed HIPco SWCNTs. (Fig. 73) 
 
     
 
 
 
 
 
 
 
Similar results were observed for all the surfactants. For illustrative purpose, we will 
describe the dispersion with 60 and the rest will be described later on.  
Fig. 72: Outcome of a Raman experiment on sample of HIPco SWCNTs dispersed in water 
with SDS. 
Fig. 73: Overlap of the G-band of a solid HIPco tubes and SDS@HIPco dispersion. 
SDS@HIPco shows sharper G-band than solid sample due to individualization of the tubes.  
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In figure 74 raman spectrum of 60@HIPco dispesion in comparison with SDS@HIPco 
and solid HIPco SWCNTs is reported. Since the signal of the solvent are overlapping with 
the RBM all the information regarding these features are lost. Therefore, the analysis of 
the Raman spectra will be focused on the G-band.  
 
 
 
 
 
 
 
 
 
In figure 75 the enlargement of the G-band of comparison between 60@HIPco 
dispersion in CH2Cl2 with SDS@HIPco and solid HIPco tubes is reported. The spectrum 
shows that 60@HIPco has characteristic similar to SDS@HIPco dispersion. In table 9 
value related to these Raman spectra are reported. 
 
 
 
 
 
 
 
 
Fig. 74: Comparison of 60@HIPco dispersion in CH2Cl2 with SDS@HIPco and 
solid Hipco tubes is reported. 
. 
Fig. 75: Enlargement of the G-band of comparison between 60@HIPco dispersion in CH2Cl2 
with SDS@HIPco and solid HIPco tubes. 
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Width values reported in table 9 show that surfactant 60 has better features than the SDS 
using the procedure established in Vienna. G-band width of 60@HIPco is 13.0488 G-
band value width of SDS@HIPco is 14.0894, G-band of 60@HIPco is sharper than 
SDS@HIPco and this means that in surfactant 60 dispersion the HIPco SWCNTs are 
better dispersed than with SDS. 
 
 
 
 
 
 
4.3.2.2. 514 nm Laser (green laser) 
 
With a green laser (514 nm) the metallic tubes are preferentially exited and therefore 
studied. 
In figure 76 overlap between solid HIPco SWCNTs, SDS@HIPco and 60@HIPco is 
reported.  
G- band (or Fano line) of 60@HIPco spectra, between 1500 cm-1 and 1560 cm-1, is very 
similar to the Solid HIPco SWCNTs spectra. Since the broad G- band, between 1400 cm-
1 and 1550 cm-1, of solid HIPco SWCNTs spectra is related to the metallic tubes and that 
SDS@HIPco does not show it (SDS surfactant disperse metallic and semiconductor 
SWCNTs without preference in the recognition) this is the proof of a metallic recognition 
of the surfactant.  
 
 
  
 
Entry Width  
SDS 14.0894 
SOLID HiPco 19.0596 
60@CNT 13.0488 
Table 9: Value of G-band of comparison between 60@HIPco dispersion in CH2Cl2 with 
SDS@HIPco and solid Hipco tubes obtained from the analysis of the dispersions. 
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In table 10 width values of these measures are reported. Width value of 60@HIPco is 
21.8571, so this value is related to dispersion in which metallic tubes are preferentially 
dispersed. 
 
 
 
 
The studies upon excitation with the 633 nm laser and the 514 nm laser were carried out 
to all the dispersions, and width value of the G-band of all the samples are reported in 
table 11. All surfactants except 58 show sharper G-band than the SDS using the procedure 
HIPco SWCNTS exited with 514 nm laser Width  
SDS@HIPco 22.8571 
SOLID HiPco 29.9385 
60@HIPco 21.6603 
 
 
Fig. 76: Enlargement of the G-band of comparison between 60@HIPco dispersion in 
CH2Cl2 with SDS@HIPco and solid HIPco tubes with the 514nm laser. 
Table 10: Value of G-band of comparison between 60@HIPco dispersion in CH2Cl2 with 
SDS@HIPco and solid HIPco tubes obtained from the analysis of the dispersions. 
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established in Vienna in 633 nm analysis. All the surfactants show preferential interaction 
with metallic tubes since 514 nm laser width values of all compound are similar to 
60@HIPco width value.  
 
 
 
  
 
 
 
 
 
 
 
4.3.3. Photoluminescence 
 
The samples were investigated by photoluminescence (PL) but no emission bands were 
detected over all the samples. (fig 77) This lack of PL could be related due to the 
interaction of the surfactants with the HIPco SWCNTs structure or because of bundling. 
In our case the cause of the quench of the PL is difficult to understand since we know 
from Absorption and Raman spectroscopy that the dispersions of HIPco SWCNTs show 
small bundles and the tubes are not completely individualized and also that the surfactants 
is interacting with the HIPco SWCNTs since in the absorption spectra the S11 and S22 
transition are quenched for the presence of the surfactant. 
 
 
 
Entry Width 633 nm laser Width 514 nm laser 
SDS@HIPco 14,0894 22,8571 
SOLID HIPco 19,0596 29,9385 
43@HIPco 12,3621 20,6946 
45@HIPco 13,2939 21,9322 
49@HIPco 13,7349 21,2693 
52@HIPco 13,8055 22,6492 
57@HIPco 12,5067 29,2156 
58@HIPco 14,8781 19,6447 
59@HIPco 13,0931 19,9655 
60@HIPco 13,0488 21,6603 
 
Table 11: Value of G-band of comparison between all the surfactants @HIPco dispersion in 
CH2Cl2 with SDS@HIPco and solid HIPco tubes with 633 nm laser and 514 nm laser. 
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4.3.4. TEM microscopy 
 
TEM images of SWCNTs dispersions is a useful way to have a qualitative view of the 
dispersions.  
Here TEM images of the HIPco SWCNTs dispersion made by surfactant 60 is reported. 
Figure 78 shows that big bundles of HIPco SWCNTs disappear through the interaction 
of the surfactant 60 with HIPco SWCNTs wall unraveling them in small bundles. 
 
 
 
 
 
 
 
Fig. 77: PL spectra of spectra of a 2% w/v solution of surfactant 60. 
 blue = original signal green = background corrected signal 60secx742nm 
 
Fig. 78:  TEM images of the dispersion made with surfactant 60 after drying one 
day.    
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4.4. COMOCAT: 
After the analysis of the HiPco SWCNTs, it was decided to analyze also the CoMoCat 
SWCNTs. For the sample preparation and characterization the same procedure 
established for the HiPco CNTs was used. 
In figure 79 the overlap of the series is reported. Surfactant 59 and 60 are missing because 
with them was not possible to obtain stable dispersions. All the spectra show similar 
features. They show partial quench of the S11 and S22 transitions and, analyze by the 
intensity of the spectra is it possible also to evaluate that the surfactant 45 solubilize the 
highest quantity of CoMoCat SWCNTs while surfactant 43 disperse a low amount of 
CoMoCat SWCNTs.     
 
 
 
 
 
 
 
 
 
 
 
 
After absorption spectroscopy the CoMoCat SWCNTs dispersions were studied also by 
Raman spectroscopy. As already reported for the HIPco SWCNTs the solvent was 
overlapping the RBM frequency so the information were obtained only from the G-band. 
Fig. 79: overlap of the CoMoCat SWCNTs dispersions of all the surfactants   
Chapter IV. Characterization of CNTs dispersion. 
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In table 12 the widths of the dispersions in comparison with the HIPco SWCNTs 
dispersions are reported. Raman spectra of surfactant 45, 59 and 60 could not be recorded 
because instability of the dispersion. 
 
 
 
 
 
 
 
 
 
 
Table 12 shows that the dispersions obtained with the CoMoCat SWCNTs are less 
individualized that the same dispersion of HIPco SWCNTs. 
Absorption and Raman spectroscopy studies of CoMoCat SWCNTs dispersions show 
that the degree of the debundling of the agglomerates in not efficient as the same as for 
the HIPco SWCNTs. Due to this, the procedure for the preparation of the CoMoCat 
SWCNTs has to be further studied.  
 
 
 
 
 
  633 nm 514 nm 
Entry Width HiPco Width  CoMoCat 
43 12,3621 13,4787 
45 12,5067 -- 
49 13,0488 14.1451 
52 13,0931 14.5503 
57 13,2939 14.2192 
58 13,7349 14,1770 
59 13,8055 -- 
60 14,8781 -- 
Table 12: Comparison table of the G-band width of HIPco and CoMOCat 
dispersion. 
Chapter IV. Characterization of CNTs dispersion. 
 
 
77 
4.5. PYRENE REFERENCE SURFACTANT: 
 
Compound 75 and 77, reported in figure 81, were tested for the dispersion of SWCNTs. 
Sample preparation was the same as the azaacenes surfactants.  
 
 
 
 
 
 
 
In figure 82 the absorption spectra of the pyrene reference surfactants in comparison with 
surfactants 58 are reported. The spectra of figure 82 show similar features. They show 
partial quench of the S11 and S22 transitions and, analyze by the intensity of the spectra 
is it possible also to evaluate that the pyrene reference surfactants 75 and 77 solubilize 
lower quantity of HIPco SWCNTs that surfactant 58, that is the surfactants that solubilize 
the lowest quantity of HIPco SWCNTs of the series.     
Characterization of these dispersions were completed also by Raman spectroscopy using   
633 nm laser (red laser) and 514 nm laser (green laser). In table 13 the values obtained 
are reported. Surfactant 75 show similar features as the solid sample, while the dispersion 
made with surfactant 77 were not stable enough long to complete the Raman spectra 
analysis. 
 
 
 
 
Fig. 81: compound 75 and 77. 
75                                   77 
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Absorption spectra of figure 82 and Raman value of table 13 highlight that pyrene 
surfactants could not dispersed the HIPco SWCNTs as well as the other surfactants did. 
Due to this, is clear that extended π-aromatic core is a necessary prerogative to obtain 
stable dispersion of individualized HIPco SWCNTs.  
 
 
 
Entry Width 633 nm laser Width 514 nm laser 
SDS 14,0894 22,8571 
SOLID 19,0596 29,9385 
75 18,1728 29,3545 
77 -- -- 
58 14,8781 19,6447 
Fig. 82: Absorption spectra of surfactant 75 and 77 in comparison with the worst 
surfactant 58.  
Table 13: Values obtained from the Raman analysis with 633 nm laser and 514 nm 
laser of pyrene reference surfactants in comparison with the worst azaacene 
surfactant. 
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4.6. CONCLUSION: 
 
Suitable procedure to use azaacenes surfactant in to disperse SWCNTs was established. 
All the azaacenes surfactants were tested with two samples of SWCNTs: HiPco and 
CoMoCat SWCNTs and the dispersions were characterized by absorption spectroscopy, 
Raman spectroscopy, photoluminescience spectroscopy and transmission electron 
microscopy.  
While studying HiPco SWCNTs dispersion, all the surfactants gave similar outcome by 
absorption spectroscopy and surfactant 43 showed the highest concentration of HIPco 
SWCNTs in solution. Individualization of the tubes was further studied by Raman 
spectroscopy. 
633 nm laser excitation of HIPco SWCNTs dispersions showed the highest compatibility 
to individualized HIPco SWCNTs with surfactant 43 followed by surfactants 57, 60 and 
59 while with 514 nm laser all the dispersion shows preferential interaction with metallic 
tubes in solution.  
Same procedure and surfactants were also used for the CoMoCat SWCNTs sample but, 
from the characterization the results were not satisfactory.  
The established procedure was used also for the pyrene refence surfactants, and it was not 
possible to get individualized tubes in solution. Since the pyrene surfactants were not able 
to solubilize the HiPco SWCNTs it is proofed that extended aromatic core of the 
azaacenes surfactants is necessary to stabilize HIPco SWCNTs dispersions.      
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5.1. GNRS: 
 
Graphene is a single atomic layer of carbon, packed in a hexagonal honey-comb like 
structure. (Fig.84) 
 
  
 
 
 
 
 
 
Graphene sheets stack on top of each other to form graphite. Graphene was isolated and 
characterized for the first time in 2004 by Novoselov, Geim and coworkers.[76] Graphene 
has a number of unique properties that make it interesting for both fundamental studies 
and future application, such as remarkable mechanical[77] and electrical properties,[78] 
thermal[79] and electrical conductivity. In any case, the major characteristic of graphene 
is that it is a semiconductor material with zero band gap.[80,81]  
The characteristic structure of graphene results in a conductive and valence band that are 
slightly overlapped giving to graphene a metallic behavior but also the possibility to open 
this band gap[82] and obtain a semiconductor material. Confinement of graphene in a 
quasi-onedimensional shape[83] provides the so called graphene nanoribbons (GNRs) that 
show semiconductor behavier. 
GNRs with a thickness lower than 10 nm act as semiconductors,[84] and the properties of 
these materials can be tuned by modifying the size and the edges.[85] Due to this GNRs 
are one of the best options to modify graphene to obtain a semiconductor material. GNRs 
can be prepared by using acenes and azaacens derivatives that give the opportunity to 
Fig. 84: representation of graphene and its similarity with the bee hive. 
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have a huge library of derivatives as starting materials to obtain different conformation 
of the GNRs.  
 
5.1.1. Classification of Graphene nanoribbons: 
As already stated, the properties of GNRs depend from the structural conformation in 
terms of edges and size.[83,84] 
GNRs can be divided in two main families: zig-zag graphene nanoribbons (ZGNR) and 
armchair graphene nanoribbons (AGNR). (Fig. 85) 
 
 
 
 
 
 
 
Once the classification of the edges is done, the GNRs are normally labeled with a number 
that correspond to the number of carbon atoms that give the width of the ribbon. This 
number (N) is generally reported before the acronym: N-AGNR and N-ZGNR. (Fig 86)[5] 
 
 
 
 
 
 
 
Fig. 85: Rapresentation of Armchair GNR and Zig-Zag GNR. 
Zig-Zag 
Armchair 
Fig. 86: Classification of GNRs regarding the number of carbon atoms. 
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The last way to classify the GNRs is related to the chemical composition. It is possible to 
have GNRs constituted only by carbon and hydrogen and GNRs with doping agents inside 
the structure, which means that carbon atoms are replaced with heteroatoms, normally N 
or B. (Fig 87)  
 
 
 
 
 
 
 
5.1.2. Preparation of GNRs: 
One of the most recently discovered and promising methods to prepare GNRs (and in 
general 1D and 2D materials) is by sublimation of designed building blocks directly on a 
metal surface, in Ultra-High-Vacuum (UHV) conditions.[86–88] An interesting aspect of 
this synthesis is that allows control of the system[88] and the possibility to use different 
types of microscopy and spectroscopy, in situ, to characterize the material. Some 
examples of this method are described below. 
 
5.1.2.1. Carbon-GNRs: 
 
Cai et al reported one example of linear 7-AGNRs.[89] In this work the preparation of the 
ribbon starts with the synthesis of the acene derivative 85 prepared as shown in figure 
88. 
 
 
 
Fig. 87: On the left a GNR composed by only C atoms is represented, while in the right a 
Boron doped GNR can be seen.  
83 84 85 
Fig. 88: Synthesis of the precursor 85 for the preparation of 7-AGNR. 
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Once that derivative 85 was prepared, it was deposited onto substrates of Au(111) and 
Ag (111) single crystals by sublimation; then the substrate was maintained at 200°C to 
allow the dehalogenation and the radical addition. As a last step, the sample was further 
annealed at 400°C to induce the cyclodehydrogenation and obtain the GNRs. (Fig 89) As 
a proof of the formation of the ribbon STM images were taken after the annealing at 
400°C (Fig 89) and by this technique it is possible to see the formation of a linear 
derivative with interconnection between the molecules of compound 85, and the desired 
dehydrogenations to form the complete conjugated ribbon.   
 
 
 
 
 
 
 
In the same work, a chevron-type AGNR was also reported.[89] The preparation process 
of this complex shape GNR, is the same as the linear 7-AGNR, the only differences being 
the acene building block and the annealing temperatures. (Fig. 90) 
 
 
 
 
 
 
 
 
Fig. 89: Preparation of 7-AGNR and STM image after annealing at 400°C. 
85 
7-AGNR 
86 
Chevron type 
-AGNR 
Fig. 90: Preparation of the chevron type-AGNR and STM image after anneal at 440°C. 
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5.1.5.2. Hetero-GNRs: 
Heteroatoms can be inserted in GNRs by selecting building blocks with heteroatoms in 
their structures. In 2014, the same chevron type-AGNR, reported in the previous 
paragraph, was published, doped by nitrogen inside the conjugated scaffold of carbon 
atoms.[90] In order to produce the N-GNRs, the compound 89 was synthesized. (Fig 91) 
 
 
 
 
 
 
After the preparation of compound 89, deposition onto substrates of Au (111) single 
crystals by sublimation was performed. Then the substrate was maintained at 200°C to 
allow the dehalogenation and the radical addition, and finally the sample was further 
annealed at 400°C to induce the cyclodehydrogenation and obtain the GNRs. (Fig 92). 
 
 
 
 
 
 
 
 
 
Fig. 91: Synthesis of compound 89 for the preparation of the nitrogen doped chevron type-
GNR. 
87 88 89 
Fig. 92: Preparation of the doped chevron type-AGNR and STM image after anneal at 400°C. 
89 
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More recently, Fischer and co-workers, published the preparation of B doped 7-
AGNRs.[91] To obtain this ribbon, it was necessary to synthesize derivative 92 that is 
easily prepared as reported in figure 92. 
  
 
 
 
 
 
 
After the preparation of compound 92, the procedure for the preparation of the GNR was 
the same as the other examples already shown. The first step was the deposition onto 
substrates of Au (111) single crystals, by sublimation. Then, the substrate was maintained 
at 200°C to allow the dehalogenation and the radical addition; finally 
cyclodehydrogenation was induced at 400°C to promote the formation of the B-7AGNR. 
(Fig 93) 
 
 
 
 
 
 
 
 
 
90 
91 
92 
Fig. 92: Synthesis of compound 92 for the preparation of the B-7AGNR. 
2 nm 
Fig. 93: Preparation of the B-7AGNR and STM image after anneal at 400°C. 
92 
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5.2. AZAACENES FOR GNRS:  
Inspired by the reported examples, we focused our work in the preparation of GNRs 
doped with nitrogen. 
In figure 94 the first target GNR is reported. 
 
 
 
 
 
 
 
 
 
As the retrosynthetic patway shows, the starting material for this aim is the 5,10-
dibromodiazaantracene 96. (Fig.95) The synthesis of this derivative was already reported 
by Zhou and co-workers[92] starting from the 2,3-diaminonaphtalene 93, by introducing 
bromine atoms in the position 1 and 4 to give compound 94, and then by 
cyclocondensation with oxalaldehyde 95 to give the final compound 96. 
  
 
 
 
 
 
 
Fig. 95: Synthesis of the precursor 96 for the preparation of N7-AGNR. 
  93                                                   94                                                96 
Fig. 94: Proposed mechanism for the preparation of N7-AGNR. 
       N7-AGNR                                                                                            96                                                                                          
95 
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Once the compound has been synthesized, the preparation of the GNR follows the 
procedure normally used for the explained examples. This work was carried out in 
collaboration with the group of Johannes Bart at TUM (Munich). This procedure includes 
the deposition onto a metal single crystal substrate by sublimation, followed by 
dehalogenation and then the radical addition at high temperature and the final 
cyclodehydrogenation to obtain the GNRs after an annealing process. 
 
5.2.1. Preparation of the ribbons: 
 
The first deposition was done onto Cu (111) single crystal. Compound 96 was deposited, 
by sublimation, onto the substrate at room temperature. As it is possible to see form figure 
96, the molecules deposited onto the substrate do not follow any order and their 
organization resembles an agglomeration of the compound. 
 
 
 
 
 
 
 
 
 
At this point, to allow the coupling of the molecules by dehalogenation and the radical 
addition the substrate was annealed up to 150°C. (Fig 97)  
 
 
Fig. 96: STM image at room temperature. 
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As the picture above shows (Fig 97) the molecules organized themselves in rows but, the 
distance from one molecule to the next is too high to think that the coupling had occured. 
Then the substrate was further annealed up to 230° C, to promote the dehalogenation and 
the radical addition between the molecules. (Fig 98) As a result of this second annealing, 
the structure change to irregular arrangement, and no coupling reaction happened.  
 
 
 
 
 
 
 
 
Since by using Cu (111) single crystal, the desired material was not obtained the metal 
used for the UHV deposition was changed and Ag(111) single crystal subtrate was used. 
In figure 99 the organization of the molecules assumed on the Ag (111) substrate can be 
seen. It is interesting to notice that this organization took place at room temperature and 
Fig. 97: STM image annealing at 150°C. 
Fig. 98: STM image annealing at 230°C. The image shows the destruction of 
the row alignment of the molecule. 
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remained in this position under annealing conditions up to 175°C. After this temperature, 
most of the molecules desorb from the surface and only aggregations were visible without 
any evidences of the desired reaction.   
 
 
 
 
 
 
 
 
 
Au (111) single crystal subtrate was investigated in order to obtain the coupling reaction. 
As already done for the other two metal substrates, compound 96 was deposited, by 
sublimation in UHV condition, onto the Au (111) substrate at room temperature. Figure 
100 shows the molecules absorbed onto the substrate self-organizing in rows 
conformation directly at room temperature.  
 
 
 
 
 
 
 
Fig. 100: STM image after RT deposition on Cu (111) single crystal substrate, of compound 
96. The compound appears as agglomerates. 
Fig. 99: STM image after RT deposition on Ag (111) single crystal substrate of compound 
96. 
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To promote the coupling between the molecules, the substrate was annealed up to 110°C. 
At this temperature, the molecules, organized themselves in a much more regular and 
linear conformation, but again, the distances between the molecules were too big to 
consider them coupled. (Fig. 101) To allow the dehalogenation and the radical addition 
between the molecules a further annealing was performed but no coupling was observed 
and after 210°C most of the molecules were desorbed from the surface and the molecules 
that remained in the surface made aggregations. (Fig. 101) 
 
 
 
 
 
 
 
5.3. PYRENE FUSED AZAACENE FOR GNRS: 
We have also investigated extended pyrene synthesis to obtain wider N-doped GNRs. 
Specifically, we wanted to obtain the N-11 AGNR reported in figure 102. 
 
 
 
 
 
 
 
 
Fig. 101: STM image annealing at 110°C (in the left) and after 210°C (in the right). 
97 
N-11AGNR 
Fig. 102: Retrosynthetic analysis for the preparation of N-11AGNR. 
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In figure 102 the retrosynthetic pathway to obtain it, and the corresponding starting 
product 97 are also reported. 
The synthesis of this derivative is made by a cyclocondensation reaction between 1,4-
dibromo-2,3-diaminonaphtalene 94 and the pyrene-4,5-diketone 11. (Fig. 103)   
 
 
 
 
 
As a first attempt, this reaction was carried out in pyridine, but these conditions did not 
allow the formation of the desired derivative 97 and starting materials were recovered. 
On the other hand, in acidic acid the reaction worked and compound 97 was obtained as 
a red-brown powder with a global yield of 85% after precipitation. 
 
5.3.1. Preparation of the ribbons: 
 
The first substrate tested was the Cu (111) single crystal. Compound 97 was deposited by 
sublimation in UHV onto the substrate at room temperature. As it is possible to see form 
figure 103, the molecules deposited onto the substrate are disorganized. 
 
  
 
 
 
 
  94                             11                                                  97 
Fig. 103: Synthesis of the precursor 97 for the preparation of GNR. 
Fig. 103: STM image after RT deposition on Cu (111) single crystal substrate of compound 
97. 
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To allow the coupling reaction the substrate was annealed up to 165°C. At this 
temperature, the molecules, organized themselves into row like conformation but the 
distance between the molecules was too high for covalent bond. (Fig 104) 
 
 
 
 
 
 
 
 
 
The substrate was further annealed up to 285°C when the molecules desorbed from the 
substrate and there were no evidences of dehalogenation and the radical addition between 
the molecules. (Fig 105)  
 
 
 
 
 
 
 
 
Fig. 104: STM image annealing at 165°C. 
Fig. 105: STM image annealing at 285°C. 
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At this stage the deposition on Ag (111) substrate was investigated. On Ag(111), 
molecules form an irregular arrangement after RT deposition which does not change 
when gradually annealing up to 130 ℃. The temperature of annealing was gradually 
increased to allow a proper organization of the molecules, and to allow the coupling 
reaction but, until 130° C, no organization was observed (Fig 106) and when the 
temperature arrived at 140 ℃ the molecules desorbed from the surface, and due to this, 
the metal was abbandoned and new experiments were carried out onto Au (111) single 
crystal. 
 
 
 
 
 
 
 
 
Deposition on Au (111) substrate was studied and at room temperature the molecules 
seemed to form multilayers. (Fig 107) 
 
 
 
 
 
 
 
Fig. 106: STM image at 100°C. 
Fig. 107: STM image after RT deposition on Cu (111) single crystal substrate of compound 97. 
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The substrate was further annealed, to promote reorganization of the molecules and allow 
the coupling reaction. At 100°C it could be observed that the multilayer of agglomerates 
organized into an homogeneous layer of molecules. (Fig. 108) After this conformation 
further annealing was performed but no interconnection was observed. At the temperature 
of 150°C the molecules desorbed from the surface 
 
 
 
 
 
 
 
 
5.3.2 Pyrene fused azaacene for holey GNRs: 
A holey GNR derivative doped with nitrogen could be also interesting to study. In figure 
109 the structure of the desire ribbon and the retrosynthetic pathway to obtain it are 
reported.  
 
 
 
 
 
 
 
Fig. 108: STM image at 100°C. 
99                       
Fig. 109: Proposed mechanism for the preparation of AGNR with derivative 99. 
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The synthesis of derivative 130 is based on the cyclocondensation between the 
commercial 9,10-diamine-phenanthrene 131 and the 2,7-diiodopyrene-4,5,9,10-
tetraketone 57, obtained by oxidation of pyrene 11 to pyrene-4,5,9,10-tetraketone 41 and 
the subsequent halogenation in the 2,7 positions to give compound 57 that will be used 
for the cyclocondensation reaction. (Fig 110) 
 
 
 
 
 
 
In table 14 the conditions tested for the synthesis of this building block are reported. 
 
 
 
TLCs and 1H-NMRs show the presence of the starting materials. 
Since these two easy conditions did not give the desired compound, it was decided to 
change the diamine 98 for the more electronrich 5,6-diamine-1,9-phenanthroline 100 to 
give the dibenzo tetraazahecaxene 101. (Fig 111) 
 
 
 
 
 
 
Entry Solvent Result 
1 AcOH Unreacted starting maerials 
2 Pyridine Unreacted starting maerials 
99 26 98 
Fig. 110 synthesis of derivative 99 for the production of GNRs. 
Fig. 111: Synthesis of compound 101 in AcOH. 
26                              100                                                                101 
Table 14: Condition tested in order to obtain derivative 99. 
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In table 15 the conditions tested for this alternative synthesis are reported. 
Entry Solvent Resut 
1 Pyridine Unreacted starting maerials 
2 AcOH Unreacted starting maerials 
3 AcOH:CHCl3 1:3 Compound 101 
 
 
The cyclocondensation between diamine 100, and 2,7-diiodopyrene-4,5,9,10-tetraketone 
26 took place in AcOH:CHCl3 1:1. Derivative 101 was obtained as a dark red powder 
with 28% of yield. 
The preparation of the GNR with this derivative is still underway.  
In conclusion, the synthesis of three different GNR precursors was obtained, based on the 
chemistry of azaacenes. Two of these substrates were tested  to obtain the relative nitrogen 
doped GNR, and different metal single crystals were used (Cu, Ag, Au), without the 
formation of the proposed GNR. A new compound has been designed and synthetized 
that should provide GNRs with periodic holes in the structure. The polymerization studies 
are underway and will be reported in due time.  
 
 
 
 
 
 
 
 
Table 15: Condition tested in order to obtain derivative 101. 
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CONCLUSIONS: 
In conclusion, a library of eight surfactants was prepared. These surfactants are divided 
in two categories: hexacene and octacene series. The synthetic pathway is the same for 
both categories. These surfactants show different characteristics and they have been 
modified following the preliminary HIPco SWCNTs dispersion tests performed in 
CH2Cl2. First surfactants synthetized were the hexacene series. As outcome of the HIPco 
SWCNTs tests we understood that propylene poly(ethylene)glycol chains are better than 
relative acetylene moiety to obtain stable dispersion of HIPco SWCNTs since those 
surfactants that present a triple C-C bond (surfactant 43 and 49) were not able to make 
stable dispersions. On the other hand, when the triple C-C was reduced to the alkane 
(surfactant 46 and 52) stable dispersions were successfully prepared. Hexacene 
surfactants were able to prepare stable dispersion of SWCNTs but not well individualized, 
due to this, we decided to increase the size of the aromatic scaffold to study the effect on 
the dispersability of a larger π-π stacking contact and surfactants with a dibenzooctacene 
aromatic core were investigated. The synthesis of the octacene surfactants was performed 
with no difficulties with the same protocol as the hexacene surfactants and stable 
dispersions of HIPco SWCNTs were obtained with all compounds. We did a preliminary 
study of dispersion by UV-Vis-NIR absorption spectroscopy, and individualization of 
HIPco SWCNTs in solution was obtained with all the substrates. Last, reference pyrene 
molecules 75 and 77 were synthesized in order to compare the HIPco SWCNTs’ 
dispersion made with the extended aromatic surfactants.  
Suitable procedure to use azaacenes surfactant in to disperse SWCNTs was established. 
All the azaacenes surfactants were tested with two samples of SWCNTs: HiPco and 
CoMoCat SWCNTs and the dispersions were characterized by absorption spectroscopy, 
Raman spectroscopy, photoluminescience spectroscopy and transmission electron 
microscopy.  
While studying HiPco SWCNTs dispersion, all the surfactants gave similar outcome by 
absorption spectroscopy and surfactant 43 showed the highest concentration of HIPco 
SWCNTs in solution. Individualization of the tubes was further studied by Raman 
spectroscopy. 
633 nm laser excitation of HIPco SWCNTs dispersions showed the highest compatibility 
to individualized HIPco SWCNTs with surfactant 43 followed by surfactants 57, 60 and 
Conclusions 
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59 while with 514 nm laser all the dispersion shows preferential interaction with metallic 
tubes in solution.  
Same procedure and surfactants were also used for the CoMoCat sample but, from the 
characterization the results were not satisfactory.  
The established procedure was used also for the pyrene refence surfactants, and it was not 
possible to get individualized tubes in solution. Since the pyrene surfactants were not able 
to solubilize the HiPco CNTs it is proofed that extended aromatic core of the azaacenes 
surfactants is necessary to stabilize HIPco SWCNTs dispersions.   
Last, three different GNR precursors were obtained, based on the chemistry of azaacenes. 
Two of these substrates were tested to obtain the relative nitrogen doped GNR, and 
different metal single crystals were used (Cu, Ag, Au), without the formation of the 
proposed GNR. A new compound has been designed and synthetized that should provide 
GNRs with periodic holes in the structure. The polymerization studies are underway and 
will be reported in due time.     
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RESUMEN EN ESPAÑOL: 
 
Síntesis de azaacenos para la manipulación de nanotubos de 
carbono: 
 
  El carbono es el elemento quimico en que se basa la vida en la Tierra. Sus allótropos 
más comunes son el diamante y el grafito, hasta 1985 cuando se detectó por primera vez 
el fulereno C60. Después, los nanotubos de carbono y el grafeno fueron descubiertos, en 
1991 y 2004 respectivamente, además de muchas otras nanoformas de carbono.  
Entre estos materiales los nanotubos de carbon (CNT) han atraido el interés de la 
comunidad scientífica por sus propriedades: alta conductividad térmica; conductividad 
eléctrica y resistencia. Todas estas propiedades hacen que los nanotubos de carbono sean 
muy interesantes pora aplicaciones tales como: dispositivos fotovoltaicos, diodos 
emisores de luz, transistores de efecto de campo, sensores 
bioquímicos, dispositivos de memoria electrónica entre otros. 
Desafortunadamente, la implementación de los nanotubos de 
carbono en estas tecnologías se ve limitada por causa de las 
dificuldades que se encuentran en manipularlos por su propria 
naturaleza. Los nanotubos de carbono estan constituidos de 
atomos de carbono hibridizados en forma sp2 (fig 1) y esto hace 
que las paredes de cada tubo interactúen entre ellos formando bundles que disminuyen 
todas las propriedades además de no poder disolverlos. Además, durante la síntesis de los 
nanotubos se ha la formacíon de dos diferentes clases de materiales: metálicos y 
semiconductores cada uno con diferentes propriedades que los hacen interesantes para 
diferntes aplicaciones. De esta manera, otro reto que estos materiales presentan es separar 
estas dos cateorias de manera que se puedan aprovechar sus respectivas aplicaciones de 
una manera optima.  
  Diferentes estrategias han sido estudiadas para eliminar los manojos de nanotubos e 
individualizarlos y separar las dos categorías de materiales, dentro de todas la interacción 
 
Figura 1: extructura de 
un nanotubo de carbono. 
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supramolecular es la estrategia considerada más eficaz.  Este trabajo de investigación esta 
basado en la sìntesis de azaacenos para individualizar los nanotubos de carbono desde los 
manojos, dispersarlos en disolventes orgánicos y además intentar separar los nanotubos 
metálicos de los semiconductores.  
  Los azaacenos son compuestos aromáticos basados en benzenos fusionados linearmente. 
En el caso de que haya más de cinco benzenos los compuestos son inestables. Para lograr 
azaacenos más largos se han introducido anillos aromáticos laterales para estabilizarlos. 
La síntesis de estos compuentos solo a base de carbono es bastante complicada, así que 
se modificó insertando átomos de nitrógeno para que fuese más sencilla. En este trabajo 
nos hemos centrado en la síntesis de azaacenos derivados de pireno para la manipulación 
de los nanotubos de carbono ya que diferentes tipos de pireno ya han sido utilizados para 
dispersar los CNTs. En este estudio se quiere evaluar si una estructura aromática más 
grande que el pireno tiene mejores resultados a la hora de dispersar lo CNTs.   
  Basándonos en la síntesis de los azaacenos, dos grupos de surfactantes han sido 
logrados: cuatro surfactantes con nucleo de dibenzoexacenos y cuatro surfactantes con un 
nucleo de dibenzooctacenos. (Fig 2) 
Estos productos fueron usados para dispersar los CNTs y las relativas dispersiones fueron 
analizadas mediante espectrometría de absorción, espectrometría Raman y microscopio 
electrónico de transmisión. 
 
Figura 2: surfactantes para la dispersiones de SWCNTs. 
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  El estudio de la dispersión de CNTs con los surfactantes y la relativa carcterización fue 
elaborada en colaboración con el Profesor Thomas Pichler de la Universidad de Viena. 
Después de diferentes pruebas de centrifugación se vio que las dispersiones tenían 
siempre peores características, así que la centrifugación fue evitada. Diferentes 
disolventes fueron evaluados para las dispersiones y con  diclorometano se obtuvieron las 
mejores características. Después se evaluaron diferentes tiempos de sonicación y 
diferenets concentraciones y los resuldos enseñaron que las mejores dispersiones se 
hicieron con una solución al 2% de surfactante en 7mL de diclorometano sonicando los 
CNTs por tres horas.  
  Los espectros de absorción de todos los surfactantes dieron los mismos resultados donde 
se podía evaluar la presencia de nanotubos dispersados en el disolvente en pequeños 
bundles, la desaparición de la banda relativa a la transición S11 y la parcial desaparición 
de la banda de la transición S22 debido a una interacción entre el surfactante y las paredes 
de los CNTs. Con el fin de obtener más informaciones las dispersiones fueron analizadas 
tambien mediante espectrometría Raman con dos diferentes láseres: 633 nm (rojo) y 514 
nm (verde). Diferentes láseres interaccionan de manera diferente con los CNTs 
dependiendo de su escrutura siguiendo la reglas del diagrama de Kataura. Todos los 
surfactantes fueron analizados con los dos láseres y los resultados fueron parecidos en 
todos los casos, y no se pudo analizar las bandas de la respiración radial (RBM) por la 
coincidencia de estas transiciones con una banda del disolvente, así que se pudo estudiar 
sólo la línea G. Fue posible confirmar que los nanotubos en dispersión se encuentran en 
pequeños bundless evaluando el tamaño de la línea G positiva del espectro Raman y 
después analizando las diferencias de los espectros de la dispersión con el surfactante, la 
dispersión de referencia estándar y de los CNTs sólidos se pudo evaluar que los 
surfactantes son capaces de dispersar con mejor selectividad los nanotubos metálicos.  
Después de haber sintetizado los surfactantes, haber encontrado la manera más oportuna 
para dispersarlos y haber separado los tubos metálicos de los tubos semiconductores se 
empezó el estudio para evaluar si los azaacenos tienen mejor comportamiento que el 
pireno a la hora de dispersar los CNTs. Para este trabajo se sintetizaron dos nuevos 
surfactantes basados en pireno y se le añadieron las mismas cadenas de los surfactantes. 
Con estos dos surfactantes se prepararon las dispersiones de nanotubos que fueron 
analizadas como las anteriores. Fue posible confirmar mediante los resultados de las 
espectrometrías que los azaacenos con 6 y 8 anillos de benzeno son más eficazes que el 
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pireno a la hora de dispersar los CNTs. Desde los resultados obtenido con los pirenos no 
fue posible ver si se pudo separar los nanotubos metálicos de los semiconductores. 
  Los azaacenos son compuestos muy versátiles, y aprovechando de fáciles 
modificaciones de productos intermedios de los surfactantes ha sido posible obtener tres 
azaacenos con características para alcanzar la síntesis de nanocintas de grafeno. Las 
nanocintas de grafeno son porciones casi 1D de grafeno y han atraído interés por el hecho 
de ser semiconductores. En la Figura 3 están representados 2 precursores para este 
objetivo.  
 
 
 
 
Estos compuestos han sido estudiados para la síntesis de nanocintas de grafeno mediante 
la técnica de sublimación sobre sustratos en condiciones de vacío ultra alto (UHV). Esta 
parte del trabajo se hizo en colaboración con el grupo del Profesor Johannes Bart de la 
Universidad Técnica de Múnich. Los precursores fueron depositados sobre diferentes 
sustratos: oro, plata y cobre y a diferentes temperaturas. El experimento de crecimiento 
de las cintas fue seguido mediante microscopio de fuerza atómica (AFM) pero en ningún 
caso fue posible obtener la formación de los enlaces carbono-carbono intermoleculares 
necesariós para la formación de las cintas. Después de estos dos compuestos se trabajó en 
la síntesis de un hexaceno (fig 4) para la preparación de una nanocinta de grafeno 
perforada. El estudio de la síntesis de la nanocinta con este precursor está aún en estudio. 
 
 
 
 
 
 
 
Figura 3: precursores de nanocintas de grafeno. 
 
 
Figura 4: precursor de nanocinta de grafeno perforada. 
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EXPERIMENTAL DETAILS: 
 
Reagents for synthesis were, if not otherwise specified, purchased from Aldrich, Fluka, 
TCI or Acros. Commercial chemicals and solvents were used as received. Anhydrous 
THF and DMF were dried using an Innovative Pure Solve solvent purification system. 
 
Column chromatography was carried out using Silica gel 60 (40-60 μm) from Scharlab. 
Thin layer chromatography (TLC) was performed to follow the reaction processes by 
using sheets (20x20) of aluminum pre-coated with silica gel 60 F254 from Merck. UV-
active compounds were detected with a UV-lamp from CAMAG at wavelength λ = 254 
or 366 nm.  
 
1H-NMR and 13C-NMR spectra were recorded on Bruker Avance 400 spectrometer at 298 
K using partially deuterated solvents as internal references. Coupling constants (J) are 
denoted in Hz and chemical shifts (δ) in ppm. Multiplicities are denoted as follows: s = 
singlet, d = doublet, t = triplet, m = multiplet, br = broad.  
 
Matrix Assisted Laser Desorption Ionization (coupled to a Time-Of-Flight analyzer) 
experiments (MALDI-TOF) were recorded on Bruker REFLEX spectrometer in Polymat 
by Dr. Antonio Veloso.  
 
Absorption and emission spectra were recorded on a Perkin-Elmer Lambda 950 
spectrometer, and a LS55 Perkin-Elmer Fluorescence spectrometer, respectively. 
 
Transmission electron microscopy images were recorded by a TECNAI G2 20 TWIN 
200kV high resolution, equipped by LaB6, digital imagining system inclination ±70°.  
 
For SWCNTs sample preparation tip sonicator Branson model 102 EDP 101-135-022 
S/N 0BE06015919 was used.  
 
The SWCNT solutions were measured by absorption spectroscopy Bruker VERTEX 80v 
Fourier transform spectrometer with the resolution of 2 cm−1. 
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Raman spectroscopy was HORIBA Jobin Yvon LabRAM with excitation wavelength of 
632.816 nm. All measurements were carried out at room temperature by a X50 objective 
of Aramis confocal Raman microscope with a laser spot size of 2 μm. The laser was 
focused by about 5 mm below the liquid level. The slit width was set at 200 μm and the 
spectral resolution was about 2 cm−1. For ease of comparison, all the spectra were 
normalized to the intensity of G^(+)-band. 
 
Nanoribbon sample preparation was done on Ag(111), Cu(111), and Au(111) single 
crystal, surfaces were prepared by repeated cycles of Ar+ sputtering and subsequent 
thermal annealing. The quality and cleanliness of the substrate surface were assessed by 
STM. Molecules were dosed by organic molecular beam epitaxy (by heating) onto the 
substrates at room temperature under UHV conditions, from separate quartz crucibles. 
The deposition time was appropriately controlled to attain the desired molecular 
coverage. STM measurements were performed in a custom-made UHV system equipped 
with an Aarhus-type variable-temperature STM at a base pressure of 2 × 10−10 mbar. All 
STM images were recorded in constant-current mode using electrochemically etched 
tungsten tips and processed with the WsXM program. The tunneling bias (Us) is applied 
to the sample. 
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Compound 40: 
 
 
 
 
 
 
 
 
 
A solution THF (5 mL) and i-Pr2NH (1 mL) was degassed by one cycle freeze-pump-
thaw cycle. Compound 27 (50 mg 0.073 mmol) and compound 39 (97 mg 0.29 mmol) 
were added and degassing by another freeze-pump-thaw cycle. CuI (3 mg 0.015 mmol) 
and Pd(PPh3)2Cl2 (10 mg 0.015 mmol) were added and degassing by two freeze-pump-
thaw cycles. The mixture was then refluxed for 24h. After the solvent was removed by 
vacuum and the black-brown solid was purified by column chromatography using 
CH2Cl2/MeOH 98:2 as eluent and increasing the polarity with MeOH (up to 10%). 
Finally, the compound was dissolved in CH2Cl2 and precipitated with hexane to afford 
compound 40 as a white solid (39 mg, 60 %). 
 
1H NMR (400MHz, CDCl3): δ 7.83 (s, 4H), 4.45 (s, 4H), 4.20 (bs, 8H), 3.67 (m, 40H), 
3.38 (s, 6H). 13C NMR (100MHz, CDCl3): δ 133.41, 130.36, 128.55, 125.35, 92.10, 
86.78, 85.89, 71.94, 70.59, 70.48, 69.21, 59.13, 59.03. MS (MALDI, pos) (m/z): [M+Na]+ 
calcd. for C48H62NaO18: 949.382, found 949,624. UV/Vis (CH2Cl2): λmax (ε)=275 (35342). 
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Compound 43: 
 
 
 
 
 
 
 
 
Compound 40 (30 mg 0.032 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution was allowed to react overnight at room temperature. Then the 
solvent was removed by rotavapor to give the crude compound as red solid that was used 
for the next step without further purification. To this crude compound in dry pyridine (3 
mL) in a dry Schlenk flask o-phenilendiamine (20 mg 0.12 mmol) was added. The system 
was degassed 3 times by freeze-pump-thaw cycles and let react under nitrogen 
atmosphere, refluxing, for 72 h. After that the solvent was evaporated and purified by 
column chromatography using CH2Cl2/MeOH 98:2 as eluent and increasing the polarity 
with MeOH (up to 10%) to give an orange powder (18 mg, 45 %). 
 
1H NMR (400MHz, CDCl3): δ 9.50 (s, 4H), 8.29 (d, 4H), 7.89 (d, 4H), 4.60 (s, 4H), 3.71 
(m, 32H), 3.37 (s, 6H, CH3). 
13C NMR (100MHz, CDCl3): δ 142.46, 141.40, 130.41, 
130.15, 129.76, 129.56, 126.23, 122.53, 87.14, 86.29, 71.92, 70.72, 70.62, 70.51, 69.44, 
59.33, 59.02. MS (MALDI, pos) (m/z): [M+Na]+ calcd. for C52H54NaN4O10: 917.373, 
found 917.699. UV/Vis (CH2Cl2): λmax (ε)=280 (77525). 
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Compound 44: 
 
 
 
 
 
 
 
 
 
 
To a solution of compound 40 (50 mg 0.054mmol) in 50 mL of AcOEt in a round bottom 
flask with a T- connector Pd/C (50 mg) was added under N2. The N2 was evacuated and 
exchanged with H2 3 times and after let react overnight. After that the solution was 
filtrated over celite and the solvent evaporated to give a white powder, that was purified 
by column chromatography using CH2Cl2/MeOH 98:2 as eluent (48 mg, 98 %). 
 
1H NMR (400MHz, CDCl3): δ 7.60 (d, 4H), 4.21 (s, 8H), 3.70 (m, 44H), 3.58 (m, 4H), 
3.40 (s, 6H), 2.80 (m, 4H), 2.00 (m, 4H). 13C NMR (100MHz, CDCl3): δ 143.24, 132.55, 
127.04, 126.75, 92.76, 71.92, 70.50, 70.18, 59.02, 32.50, 30.97; MS (MALDI, pos) (m/z): 
[M+Na]+  calcd. for C48H70NaO18: 957.449, found 957.649. UV/Vis (CH2Cl2): λmax 
(ε)=336 (30412). 
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Compound 45: 
 
 
 
 
 
 
 
 
 
 
Compound 44 (30 mg 0.034 mmol) was disolved in a solution of TFA and water 9:1 (10 
mL) and the solution was allowed to react overnight at room temperature. After the 
solvent was removed by rotavapor to give the crude compound as red solid, that was used 
for the next step without further purification. To this crude compound in dry pyridine (3 
mL) in a dry Schlenk flask was added o-phenilendiamine (20 mg 0.12 mmol). This system 
was degassed 3 times under N2 and let react refluxing under nitrogen atmosphere for 72 
h. After that, the reaction mixture was dried by rotavapor and purified by column 
chromatography using CH2Cl2/MeOH 98:2 as eluent and increasing the polarity with 
MeOH (up to 10%) to give an orange powder (14 mg, 32 %).   
 
1H NMR (400MHz, CDCl3): δ 9.57 (s, 4H), 8.40 (d, 4H), 7.91 (d, 4H), 3.69 (m, 32H), 
3.52 (s, 4H), 3.35 (s, 6H), 3.30 (s, 4H), 2.31 (s, 4H). 13C NMR (100MHz, CDCl3): δ 
142.67, 142.38, 141.78, 130.01, 129.64, 129.50, 127.64, 124.06, 71.90, 70.60, 70.48, 
70.32, 59.01, 33.03, 31.59. MS (MALDI, pos) (m/z): [M+Na]+: calcd. for 
C52H62N4NaO18: 925.436, found 925.764. UV/Vis (CH2Cl2): λmax (ε)=272 (40959). 
 
Experimental section 
 
121 
Compound 47: 
 
 
 
 
 
 
 
 
 
A solution of DMF (5 mL) and i-Pr2NH (1 mL) was degassed by a of freeze-pump-thaw 
cycle. Compound 27 (50 mg 0.073 mmol) and compound 46 (97 mg 0.29 mmol) were 
added and a freeze-pump-thaw cycle was repeated. CuI (3 mg 0.015 mmol) and 
Pd(PPh3)2Cl2 (10 mg 0.015 mmol) were added and degassing by two freeze-pump-thaw 
cycles was done. The mixture was refluxed overnight. After the solvent was removed by 
vacuum and purified by column chromatography using CH2Cl2/MeOH 98:2 as eluent and 
increasing the polarity with MeOH (up to 10%). Finally, the compound was dissolved in 
CH2Cl2 and precipitated with hexane to afford compound 47 as a white solid (54 mg, 68 
%). 
 
1H NMR (400MHz, CDCl3): δ 7.85 (s, 4H), 4.47 (s, 4H), 4.23 (bs, 8H), 3.68 (m, 56H), 
3.40 (s, 6H). 13C NMR (100MHz, CDCl3): δ 133.41, 130.36, 128.52, 124.15, 92.09, 
86.77, 85.89, 71.91, 70.56, 70.49, 69.21, 59.12, 59.02. MS (MALDI, pos) (m/z): [M+Na]+ 
calcd. for C56H78NaO22: 1125.489, found 1125.656. UV/Vis (CH2Cl2): λmax (ε)=320 
(47203). 
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Compound 49: 
 
 
 
 
 
 
 
 
 
Compound 47 (30 mg 0.027 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution allowed to react overnight at room temperature. After the solvent 
was removed by rotavapor to give the crude compound as red solid that was used for the 
next step without further purification. To a solution of this crude compound in dry 
pyridine (3 mL) in a dry Schlenk flask was added o-phenilendiamine (20 mg 0.12 mmol). 
This system, was degassed by 3 freeze-pump-thaw cycles and let react refluxing under 
nitrogen atmosphere for 72 h. After that the reaction mixture was dried at rotavapor and 
purified by column chromatography using CH2Cl2/MeOH 98:2 as eluent and increasing 
the polarity with MeOH (up to 10%) to give an orange powder (15 mg, 32 %).   
 
1H NMR (400MHz, CDCl3): δ 9.64 (s, 4 H), 8.37 (d, 4H), 7.93 (d, 4H), 4.62 (s, 4H), 3.70 
(m, 32H), 3.38 (s, 6H). 13C NMR (100MHz, CDCl3): δ 142.55, 141.56, 130.47, 130.27, 
129.94, 129.59, 126.43, 122.65, 87.23, 86.30, 71.91, 70.72 70.57, 70.49, 69.45, 59.35, 
59.01. MS (MALDI, pos) (m/z): [M+Na]+ calcd. for C60H70N4NaO14: 1093.477, found 
1093.840. UV/Vis (CH2Cl2): λmax (ε)=280 (97324). 
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Compound 50: 
 
 
 
 
 
 
 
 
 
To a solution of 47 (50 mg 0.049 mmol) in 50 mL of AcOEt in a round bottom flask with 
a T- connector Pd/C (50 mg) was added under N2. The N2 was evacuated and exchanged 
with H2 3 times and after let react overnight. After that the solution was filtrated over 
celite and the solvent evaporated to give a white powder, that was purified by column 
chromatography using CH2Cl2/MeOH 98:2 as eluent (41 mg, 88 %).  
 
1H NMR (400MHz, CDCl3): δ 7.60 (d, 4H), 4.21 (bs, 8H), 3.64 (m, 56H), 3.56 (m, 4H), 
3.40 (s, 6H), 2.80 (m, 4H), 2.00 (m, 4H). 13C NMR (100MHz, CDCl3): δ 143.24, 132.54, 
127.03, 126.73, 92.75, 71.91, 70.56, 70.18, 59.01, 32.50, 30.97. MS (MALDI, pos) (m/z): 
[M+Na]+ calcd. for C56H86NaO22: 1133.550, found 1133.927. UV/Vis (CH2Cl2): λmax 
(ε)=289 (22025). 
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Compound 52: 
 
 
 
 
 
 
 
 
 
Compound 50 (30 mg 0.027 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution allowed to react overnight at room temperature. After the solvent 
was removed by rotavapor to give the crude compound as red solid that is used in the next 
step without further purification. To a solution of this crude compound  in dry pyridine 
(3 mL) in a dry Schlenk flask was added o-phenilendiamine (20 mg 0.12 mmol). This 
system, was degassed by 3 freeze-pump-thaw cycles and let react refluxing under nitrogen 
atmosphere for 72 h. After that the reaction mixture was dried at rotavapor and purified 
by column chromatography using CH2Cl2/MeOH 98:2 as eluent and increasing the 
polarity with MeOH  (up to 10 %) to give an orange powder (17 mg, 37 %).   
 
1H NMR (400MHz, CDCl3): δ 9.54 (s, 4H), 8.41 (d, 4H), 7.93 (d, 4H), 3.67 (m, 52H), 
3.38 (s, 6H), 3.31 (s, 4H), 2.33 (s, 4H). 13C NMR (100MHz, CDCl3): δ 142.62, 142.34, 
141.82, 130.00, 129.58, 129.49, 127.59 126.04, 71.90, 70.70, 70.63, 70.54, 70.32, 59.01, 
33.03, 31.58. MS (MALDI, pos) (m/z): [M+Na]+ calcd. for C60H76NaN4O14: 1101.540, 
found 1101.909. UV/Vis (CH2Cl2): λmax (ε)=257 (55374). 
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Compound 57: 
 
 
 
 
 
 
 
 
Compound 40 (30 mg 0.032 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution allowed to react over night at room temperature, after the solvent 
was removed by rotavapor to give the crude compound as red solid that was used for the 
next step without further purification. To a solution of this crude compound in dry 
pyridine (3 mL) in a dry Schlenk flask was added 2,3-diaminonaphtalene (20 mg 0.12 
mmol). This system, was degassed by 3 freeze-pump-thaw cycles and let react refluxing 
under nitrogen atmosphere for 72 h. After that the reaction mixture was poured in a flask 
with 50 mL of EtOH under vigorous stirring and, the precipitate was collected by 
filtration. The brown powder was washed with EtOH (150 mL) and after  CH2Cl2 (10 
mL) to give an orange powder that was further purified by column chromatography using 
CH2Cl2/MeOH  98:2 as eluent and increasing the polarity with MeOH (up to 10%) to give 
an orange powder (18 mg, 45 %).   
 
1H NMR (400MHz, CDCl3): δ 9.58 (s, 4H), 8.81 (s, 4H), 8.11 (s, 4H), 7.53 (s, 4H), 4.70 
(s, 4H), 3.77 (m, 32H), 3.38 (s, 6H). 13C NMR (100MHz, CDCl3) not enough soluble. 
MS (MALDI, pos) (m/z): [M]+ calcd. for C60H58N4O10: 994.420, found 994.635. UV/Vis 
(CH2Cl2): λmax (ε)=342 (89254). 
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Componud 58: 
 
 
 
 
 
 
 
 
Compound 44 (30 mg 0.034 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution allowed to react over night at room temperature. After the solvent 
was removed by rotavapor to give the crude compound as red solid, that was used for the 
next step without further purification. To a solution of this crude compound in dry 
pyridine (3 mL) in a dry Schlenk flask was added 2,3-diaminonaphtalene (20 mg 0.12 
mmol). This system, was degassed by 3 freeze-pump-thaw cycles and let react refluxing 
under nitrogen atmosphere for 72 h. After that the reaction mixture was poured in a flask 
with 50 mL of EtOH under vigorous stirring and, the precipitate was collected by 
filtration. The brown powder was washed with EtOH (150 mL) and after with CH2Cl2 (10 
mL) to give an orange powder that was further purified by column chromatography using 
CH2Cl2/MeOH  98:2 as eluent and increasing the polarity with MeOH (up to 10%) to give 
an orange powder (12 mg, 32 %).   
  
1H NMR (400MHz, CDCl3): δ 9.30 (s, 4H), 8.74 (d, 4H), 8.08 (d, 4H), 7.48 (d, 4H), 3.71 
(m, 32H), 3.54 (s, 4H), 3.37 (s, 6H), 3.27 (s, 4H), 2.33 (s, 4H). 13C NMR (100MHz, 
CDCl3): δ 143.26, 141.83, 138.64, 133.92, 129.49, 128.45, 128.13, 127.32, 126.41, 99.98, 
70.72, 70.63, 70.58, 70.48, 70.32, 58.99, 37.22, 32.97, 31.41. MS (MALDI, pos) (m/z): 
[M+Na]+ calcd. for C60H66N4NaO10: 1025.469, found 1025.672. UV/Vis (CH2Cl2): λmax 
(ε)=340 (15845). 
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Compound 59: 
 
 
 
 
 
 
 
 
Compound 47 (30 mg 0.027 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution allowed to react overnight at room temperature. After the solvent 
was removed by rotavapor to give the crude compound as red solid that was used for the 
next step without further purification. To a solution of this crude compound in dry 
pyridine (3 mL) in a dry Schlenk flask was added 2,3-diaminonaphtalene (20 mg 0.12 
mmol). This system, was degassed by 3 freeze-pump-thaw cycles and let react refluxing 
under nitrogen atmosphere for 72 h. After that, the reaction mixture was poured in a flask 
with 50 mL of EtOH under vigorous stirring and, the precipitate was collected by 
filtration. The brown powder was washed with EtOH (150 mL) and after with CH2Cl2 (10 
mL) to give an orange powder that was further purified by column chromatography using 
CH2Cl2/MeOH  98:2 as eluent and increasing the polarity with MeOH (up to 10%) to give 
an orange powder (21 mg, 45 %).     
 
1H NMR (400MHz, CDCl3): δ 9.44 (s, 4H), 8.67 (s, 4H), 8.03 (s, 4H), 7.47 (s, 4H), 4.70 
(s, 4H), 3.76 (m, 32H), 3.35 ppm (s, 6H). 13C NMR (100MHz, CDCl3) not enough soluble. 
MS (MALDI, pos) (m/z): [M+Na]+:  calcd. for C60H74N4NaO14: 1193.513, found 
1193.810. UV/Vis (CH2Cl2): λmax (ε)=342 (9810). 
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Compound 60 
 
 
 
 
 
 
 
Compound 50 (30 mg 0.028 mmol) was disolved in a solution of TFA and water 9:1 (5 
mL) and the solution allowed to react overnight at room temperature. After the solvent 
was removed by rotavapor to give the crude compound as red solid that is used in the next 
step without further purification. To a solution of this crude compound in dry pyridine (3 
mL) in a dry Schlenk flask was added 2,3-diaminonaphtalene (20 mg 0.12 mmol). This 
system, was degassed by 3 freeze-pump-thaw cycles and let react refluxing under nitrogen 
atmosphere for 72 h. After that the reaction mixture was poured in a flask with 50 mL of 
EtOH under vigorous stirring and, the precipitate was collected by filtration. The brown 
powder was washed with EtOH (150 mL) and after with CH2Cl2 (10 mL) to give an 
orange powder that was further purified by column chromatography using CH2Cl2/MeOH  
98:2 as eluent and increasing the polarity with MeOH (up to MeOH) to give an orange 
powder (16 mg, 34 %).      
 
1H NMR (400MHz, CDCl3): δ 9.17 (s, 4H), 8.61 (d, 4H), 7.99 (d, 4H), 7.40 (d, 4H), 3.72 
(m, 32H), 3.54 (s, 4H), 3.37 (s, 6H), 3.22 (s, 4H), 2.31 (s, 4H). 13C NMR (100MHz, 
CDCl3): δ 143.05, 141.57, 138.51, 133.79, 129.33, 128.32, 127.91, 127.13, 126.22, 
125.97, 71.88, 70.80, 70.71, 70.65, 70.61, 70.52, 70.45, 70.31, 58.99, 32.94, 31.38. MS 
(MALDI, pos) (m/z): [M+Na]+ calcd. for C68H82N4NaO14 1201.569, found 1201.830. 
UV/Vis (CH2Cl2): λmax (ε)=340 (213506). 
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Compound 75 
 
 
 
 
 
 
 
A solution of DMF (5 mL) and i-Pr2NH (1 mL) was degassed by a freeze-pump-thaw 
cycle. 2,7-dibromopyrene (50 mg 0.14 mmol) and compound 46 (185 mg 0.555 mmol) 
were added and the system degassed by another freeze-pump-thaw cycle. CuI (5 mg 0.03 
mmol) and Pd(PPh3)2Cl2 (20 mg 0.03 mmol) were added and the system degassed by two 
freeze-pump-thaw cycles. The mixture was allowed to react refluxing overnight. After 
the solvent was removed by vacuum and the crude mixture was purified by column 
chromatography using CH2Cl2/hexane 6:4 as eluent to get a yellow solid (90 mg, 76%). 
 
1H NMR (400MHz, CDCl3): δ 8.25 (s, 4H), 8.03 (s, 4H), 4.57 (s, 4H), 3.69 (m, 48H), 
3.34 (s, 6H). 13C NMR (100MHz, CDCl3): δ 131.13, 128.26, 127.58, 123.95, 120.57, 
86.71, 85.90, 71.92, 70.49, 69.32, 59.31, 58.99. MS (MALDI, pos): (m/z): [M+Na]+ calcd. 
for C48H66NaO14: 889.434, found 889.572. UV/Vis (CH2Cl2): λmax (ε)=286 (90823). 
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Compound 77 
 
 
 
 
 
 
 
 
 
To a solution of 75 (50 mg 0.17 mmol) in 60 mL of AcOEt in a round bottom flask with 
a T- connector Pd/C (50 mg) was added under N2. The N2 was evacuated and exchanged 
with H2 3 times and after let react overnight. After that the solution was filtrated over 
celite and the solvent evaporated to give a white oil, that was further purified by column 
chromatography using CH2Cl2/hexane 6:4 as eluent to get a pale yellow solid (46 mg, 
92%). 
 
1H NMR (400MHz, CDCl3): δ 8.01 (s, 8H), 3.64 (m, 52H), 3.40 (s, 6H), 3.12 (m, 4H), 
2.16 (m, 4H). 13C NMR (100MHz, CDCl3): δ 139.44, 130.99, 127.19, 125.07, 123.14, 
71.91, 70.55, 61.71, 58.99, 32.78, 31.73. MS (MALDI, pos) (m/z): [M+Na]+ calcd. for 
C48H74NaO14: 897.499, found 897.737. UV/Vis (CH2Cl2): λmax (ε)=250 (139151). 
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Compound 97: 
 
 
 
 
 
 
In a dry Schlenk flask, under argon atmosphere 1,4-dibromonaphthalene-2,3-diamine (50 
mg 0.158 mmol) and pyrene-4,5-dione (75 mg 0.323 mmol) were disolved in pyridine (3 
mL). This mixture was stirred at reflux 3 days. Then the mixture was let cool down to 
room temperature, poured over 300 mL of EtOH, and filtered off. The resulting powder 
was washed with hexane until washings were colorless to afford a red solid. (65 mg, 
81%).  
 
1H NMR (400MHz, CDCl3): δ 9.77 (d, 2H), 8.82 (d, 2H), 8.36 (d, 2H), 8.15 (t, 2H), 8.07 
(s, 2H), 7.78 (d, 2H). 13C NMR (100MHz, TFA-d,) not soluble. MS (MALDI, pos) (m/z): 
[M]+ calcd. for C26H12Br2O14: 511.935, found 511.967. UV/Vis (TFA): λmax (ε)=353 
(59854). 
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Compound 101: 
 
 
 
 
 
 
In a Schlenk flask, under argon atmosphere 1,10-phenanthroline-5,6-diamine (50 mg 
0.234 mmol) and 2,7-diiodopyrene-4,5,9,10-tetraone (20 mg 0.036 mmol) were disolved 
in a mixture of AcOH and CHCl3 1:1 (3 mL). This mixture was allowed to react, stirred 
at reflux temperature, overnight. Then the solvent was removed under reduced pressure, 
and the red powder was precipitated by CH2Cl2 in hexane (9 mg, 28%). 
 
1H NMR (400MHz, TFA-d,): δ 10.24 (s, 4H), 9.73 (s, 4H), 9.53 (d, 4H), 8.55 (s, 4H). 13C 
NMR (100MHz, TFA-d,) not soluble. MS (MALDI, pos) (m/z calcd. for [M+H]+: 
C40H16I2N8Na: 862.682, found 863.121. UV/Vis (TFA): λmax (ε)=275 (271077). 
 
 
 
 
 
 
 
Appendix 
 
133 
 
 
 
 
 
 
Appendix: 
 
 
 
 
 
Appendix 
 
134 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
135 
Compound 40: 
1H NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
136 
UV-vis (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
MALDI: 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
137 
Compound 43: 
1H NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
138 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
MALDI:  
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
139 
Compound 44: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
Appendix 
 
140 
UV-vis (CH2Cl2)  
 
 
 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
141 
Compound 45:  
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
142 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
 
MALDI  
 
 
 
 
 
 
 
 
 
 
Appendix 
 
143 
Compound 47: 
1H-NMR (400MHz, CDCl3) 
  
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
Appendix 
 
144 
UV-vis (CH2Cl2)  
   
 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
145 
Compound 49:  
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
  
 
Appendix 
 
146 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
147 
Compound 50: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
148 
UV-vis (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
 
MALDI  
 
 
 
 
 
 
 
 
 
 
Appendix 
 
149 
Compound 52: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
150 
 UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
MALDI  
 
 
 
 
 
 
 
 
 
 
Appendix 
 
151 
Compound 57: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
152 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
153 
Componud 58:  
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
154 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
155 
Compound 59: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
156 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
MALDI  
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
157 
Compound 60: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
158 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
MALDI  
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
159 
Compound 75 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
Appendix 
 
160 
UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
161 
Compound 77 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
13C-NMR (100MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
162 
 UV-Vis-Fluorescence (CH2Cl2) 
 
 
 
 
 
 
 
 
 
 
 
MALDI 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
163 
Compound 97: 
1H-NMR (400MHz, CDCl3) 
 
 
 
 
 
 
 
 
 
 
Enlargment:  
 
 
 
 
 
 
 
 
 
 
Appendix 
 
164 
13C-NMR (100MHz, TFA-d1) 
  
 
 
 
 
 
 
 
 
 
 
MALDI: 
 
 
 
 
 
 
 
 
 
 
Appendix 
 
165 
UV-Vis-Fluorescence (Trifluoro acetic acid) 
 
 
 
 
 
 
 
 
 
 
 
 
Compound 101: 
1H-NMR (400MHz, TFA-d1) 
 
 
 
 
 
 
 
 
Appendix 
166 
COSY 1NMR (400MHz, TFA-d1) 
13C-NMR (100MHz, TFA-d1) 
Appendix 
167 
MALDI: 
UV-Vis-Fluorescence (Trifluoro acetic acid) 
Appendix 
168 
